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Preface 

The  AFGL  cloud  droplet  model,  based  on  the  Khr^ian-Ma/.in  (KM)  distribution  function,  was 
used  for  some  20  years  to  predict  the  probable  cloud  situations  along  the  trajectories  of  missiles 
for  “weather  definition"  and  nose  cone  erosion  prediction.  The  intimate  association  of  the  KM 
function  with  visibility  theory  was  recognized  and  used  to  provide  semi-quantitative  equations. 

The  details  of  the  model  are  described  in  this  report  and  visibility  theory  is  extended  considerably 
to  define  and  consider  different  types  of  visibility,  namely  recognition  and  discernment  visibility, 
the  visual  ranges  of  specific  objects  and  the  limiting  conditions  of  maximum  atmospheric 
seeability  in  clear-air  and  cloudy  situations. 

The  KM  function  further  permits  predictions  in  the  field(s)  of  radar/lidar  meteorology.  The 
equation  that  describes  the  distribution  of  the  radar  reflectivity  factor  with  droplet  diameter  is 
developed,  which,  on  integration,  yields  the  total  reflectivity  factor.  Z  (mm'*m  ’).  A  so-called  M  vs  Z 
relation  for  water  clouds  is  derived  which  is 

M  =  4.02Z"“-  gm’. 

where  M  is  the  cloud  liquid  water  content  in  g  m  '.  This  relation,  which  depends  strictly  on  the 
size  distribution  properties  of  the  cloud  droplets,  enables  M  to  be  estimated  from  radar/lidar 
measurements  of  Z. 

Actually,  there  are  20  relationships  among  cloud  physics  quantities  that  are  solidly  tied 
mathematically  to  the  KM  distribution  function.  All  20  have  present  or  potential  applications, 
which  are  noted. 

In  the  AFGL  weather  work  mentioned,  it  was  found  that  cross-disciplinary  problems 
existed  between  the  fields  of  cloud  physics  and  precipitation  physics  that  led  to  mathematical 
discontinuities  (of  various  important  quantities)  across  the  vague  boundary  zones  of  the 
separate  disciplines.  This  led  to  investigations  of  composite  distribution  equations  that  would 
"smooth  out"  the  discontinuities.  These  investigations  are  recounted  and  extended  to  include 
aerosols  as  well. 

vii 


The  ei'fecls  of  lower  and  upper  diaineler  irnnealion  on  the  rli^lribiaefl  and  tot<Us  e(|uations 
are  considered  thront>hont  and  are  illustrated  froni  time  to  time  as  seems  most  inlormalive.  Need 
for  sneh  double  truneation  of  the  equations  arises  due  to  (1)  natural  eaust's.  (2)  the  ariifit  ial 
restraints  placed  on  the  etiuations  by  different,  disciplinai'y  definitions  and  (3)  the  desitin  (  hanie 
terlstics  of  instruments  that  are  beintf.  or  will  be.  used  to  pro\  ide  dire(  t  mcasureiiK'nl  data. 

From  the  work  reported,  it  is  com  ludeii  that  the  KM  distribittion  liitK  tion.  and  iht'  other 
associated  distribution  equations  of  Gamma  function  type.  ])ro\  ide  \eiT  realistic  and  tretnen- 
dously  useful  descriptors  of  si/e-dislributed  and  totals  quantities  involved  in  i  loud  jjhvsit  s. 
precipitation  physics,  and  aerosol  physics. 
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Implications  of  the  Khrgian-Mazin  Distribution 
Function  for  Water  Clouds  and  Distribution 
Consistencies  with  Aerosols  and  Rain 


1.  raSTORY  AND  INTRODUCTION 

From  1970  to  1984,  the  Air  Force  Geophysics  Laborator\'  (AFGL)  provided  weather  definition 
information  to  the  Ballistic  Missile  Office  (BMO)  of  the  Air  Force  Systems  Command  (AFSC)  for 
their  SAMS/ABRES*  program  of  investigating  the  “rain  erosion  effects”  of  hydrometeors  (rain, 
water  clouds,  snow,  ice  crystals)  that  were  present  in  the  atmosphere  along  the  trajectories  of 
missiles  or  re-entiy  vehicles.  The  objective  was  to  determine  the  erosion  effects  of  the  hydromete¬ 
ors  on  the  nose  cones  of  the  vehicles. 

Since  direct  measurements  of  the  size  distribution  and  liquid  water  content  (LWC)  of  hydrom¬ 
eteors  along  the  path  trajectories  could  not  be  made  in  real  time.  we.  at  AFGL.  developed  two 
empirical  models  to  predict  the  microphysical  situations  that  were  likely  to  occur  along  the 
trajectories.  One  model  predicted  the  likely  events  in  the  precipitation  size  range  of  the  hydrom¬ 
eteors  (100  <  D  <  5000  pm,  where  D  is  the  drop  diameter  in  drizzle  or  rain)  and  the  second  pre¬ 
dicted  the  likely  events  in  the  cloud  size  range  of  the  hydrometeors  (1  <  D  <  100  pm.  with  D  being 
the  droplet  diameter  in  water  clouds). 

The  first  of  these  models,  the  precipitation  model,  has  been  useu  extensively  from  1970  to  the 
present,  in  Plank'  (1977),  Plank  and  BertheF  (1982),  Berthel  and  Plank'  (1983).  Banta,  Berthel. 
and  Plank^  (1986).  and  in  Berthel.  Banta.  and  Plank'’  (1987). 


*  Received  for  Publication  2  Dec  1991 

*  These  are  acronyms  for  Sandia  Air  Force  Materials  Study  and  Advanced  Ballistic  Re-Entry  System. 

'  Plank,  V.G.,  1977:  Hydrometcor  Data  and  Anatylical-lheoretical  Investigations  Pertaining  to  the  SAMS  Missile  Flights  of 
the  1972-73  Season  at  Wallops  Island.  Virginia.  AFCKL/SAMS  Report  No.  5.  AFGL-TK- 77-0 149.  AD  A051  192.  KRJ’  No. 
603,  239  pp. 

^  Plank.  V.G.  and  Berthel.  R.O.  (1982)  A  descriptive  double-truncated  exponential  model  for  hydrometeors  of  precip  table 
size.  Extended  Abstracts:  Conference  on  Cloud  Physics.  Nov.  15-18.  1982.  Chicago.  IL.  preprint  Vol..  190-194.  AFGl,  TR 
82-0347.  AD  A 122036. 

’  Berthel.  R.O.,  and  Plank.  V'.G.  (1983)  A  Model  for  the  Estimation  of  Rain  Distributions.  AFGL-  I  K-HS  0030.  AD  A130080. 
ERP  No.  822.  48  pp, 

’  Banta.  R.,  Berthel.  R.O.,  and  Plank.  V.G.  (1986)  A  bulk  microphysical  parameleri/ation  baseti  on  doublv-triitica'cd 
exponential  distribution  anti  empirit  al  u  lationships.  Conference  on  Clniicl  Physics.  Sntnvmass.  ('() 

Berthel.  R.O..  Banta.  R..  and  Plank.  V.G.  (1987)  The  Application  of  DonlAe-tmncaled  I  hidroinetiar  Distributions  lo 
Numerical  Cloud  Models.  AFGL-TR-87-0050.  ERP  No.  966.  ADA  183 '273,  26  pp. 
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However,  the  second  model,  for  the  cloud-size  range  of  the  hydrometeors,  has  never  been 
reported  before,  except  for  a  brief  summary  by  Plank**  (1974).  This  model  was  very  useful  to  us 
during  the  SAMS/ABRES  program  and  it  is  still  pertinent  today,  as  a  base  reference  for  describ¬ 
ing  the  general  nature  of  cloud-size  distributions  in  the  atmosphere  as  associated  with  visibility 
theory.  We  have  progressively  upgraded  and  expanded  the  model  over  the  years,  based  on  the 
fundamental  distribution  function  of  Khrgian  and  Mazin  (KM).  This  function  is  described  in  the 
book  “Cloud  Physics.”  by  Borovikov.  Gaivoronskii.  Zak.  Kostarev.  Mazin.  Minervin.  Khrgian.  and 
Shmeter^  (1963)  which  summarizes  and  extends  the  work  of  Mazin'*  (1952).  Mazin®  (1957). 

Khrgian'*’  (1952).  Khrgian  and  Mazin"  (1952).  and  Khrgian  and  Mazin'^  (1956).  plus  others. 

Future  references  to  this  work  will  be  Khrgian/Mazin"*  (1963). 

The  “KM  model"  is  highly  versatile,  having  applications  in  such  fields  as  cloud  definition, 
atmospheric  visual-range/visibility,  radar  and  lidar  meteorology,  and  in  providng  continuity/ 
consistency  Information  for  cloud  and  meso-scale  “storm  models.” 

It  should  be  noted  that  once  a  distribution  function  has  been  specified,  it  then  follows  immedi¬ 
ately.  by  rigorous  physics  and  mathematics,  that  all  size-distributed  and  total  quantities  (involving 
droplet  number  concentrations  and  total  number,  involving  summed,  projected  cross-sectional 
areas  and  totals,  as  is  important  to  visibility,  involving  cloud  liquid  water  content  (LWC).  distributed 
and  total,  and  involving  radar  and  lidar  reflectivities,  distributed  and  total)  have  also  been  specified 
for  any  given  single  sample  This  fact,  that  all  of  the  quantities  cited  above  are  rigorously  interre¬ 
lated  by  the  -'i  iple  specification  of  a  distribution  function,  will  be  demonstrated  herein. 

The  cioiiK>  to  “double  truncate"  distribution  equations  is  highly  valuable.  Therefore,  all 
distribution  equations  herein  are  written  for  truncation  between  lower  and  upper  size  limits  of 
cloud  droplet  diameter  and  all  “totals  equations”  incorporate  an  appropriate  “truncation  ratio." 

This  report  is  intended  to  demonstrate  the  versatility  and  utility  of  the  KM  equations  across 
various  diverse  fields  of  endeavor,  each  having  their  own  conventional  units  and  nomenclature. 

To  deal  with  the  units  problem,  the  author  has  specified  a  “standard  set"  of  units  in  which  all 
distribution  and  totals  equations  are  commonly  expressed.  Thus,  droplet  diameters  are  in  mm 
and  the  bandwidth  of  the  distributed  quantities  is  in  mm.  The  latter  should  pose  no  difficulties 
for  cloud  physicists  (as  strictly  classified)  since  bandwidth  is  merely  a  “scale  adjust  factor"  that 
can  be  changed  to  meet  any  disciplinaiy  requirement  or  to  “match"classified  data. 

'■  Plank,  V.G.  (1974)  Uquid-water-corUenl  and  H-qdrometeor  Size-distribution  Information  for  the  SAMS  Missile  Flights  of  the 
1971-72  Season  at  Wallops  Island.  Virginia.  AFCRL/SAMS  Report  No.  3.  AFCRL-TR-74-0296.  AD  A002370.  Special  Report 
No.  178.  143  pp. 

'  Borovikov.  A.M,,  Gaivoronskii.  I.I..  Zak.  E.G..  Kostarev.  V.V..  Mazin.  I.P..  Minervin.  V.E..  Khrgian  A.  Kh..  and  Shmeter. 

S.M.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Trans)..  Jerusalem.  392  pp. 

"  Mazin.  I.P.  (1952)  Raschet  otlozheniya  kapel'  na  kruglykh  tsilindricheskikh  poverkhnostyakh  (Calculation  of  droplet 
deposition  on  round  cylindrical  surfaces).  Trudy  Tsentraf  Aerolog.  Obsi>..  No.  7. 

"  Mazin.  I  P.  (1957)  Fizicheskie  osnovy  obledeneniva  samoletov  (Physical  bases  ol  aircraft  icing).  Moscow. 

Gidromeleorizdat. 

Khrgian.  A.Kh.  (i952)  Nekolorye  dannye  o  mikrostrukture  oblakov  (Some  data  on  the  microstructure  of  clouds).  Trudy 
Tsentral  Aerolog.  Obsv..  No.  7. 

"  Khrgian.  A.Kh..  and  Mazin.  I.P.  (1952)  O  raspredelenii  kapel'  po  razmeram  v  oblakakh  (The  size  distribution  of  droplets 
in  clouds).  Trudy  Tsentral  Aerolog.  Obsv..  No.  7,  56. 

Khrgian.  A.Kh..  and  Mazin.  I.P.  (1956)  Analiz  sposobov  kharakteristiki  spektrov  raspredeleniya  oblachnykh  kapel' 

(Analysis  of  methods  of  characterization  of  distribution  spectra  of  cloud  droplets).  Trudy  Tsentral  Aerolog.  Obsv..  No.  17,  36-46. 

' '  Khrgian.  A.Kh..  and  Mazin.  I.P.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Transl..  Jerusalem.  392  pp. 


There  are  other  quantities  requiring  conversion  that  cross  disciplinary  bounds  or  that  have 
been  used  in  the  literature.  For  example,  the  number  concentration  of  cloud  droplets  in  cloud 
physics  is  conventionally  expressed  as  number  (No.)  per  cm*.  The  number  concentration  in 
precipitation  physics  is  No.  per  m^.  Likewise,  with  regard  to  the  density  of  liquid  water,  this  is 
usually  specified  in  g  cm  but,  in  particular  theoretical  developments,  it  is  advantageous  to 
employ  g  m'^.  There  is  also  the  problem  of  our  "thinking  units" — the  British  system  for  most 
Americans  versus  the  Metric  system  for  many  others. 

In  any  event,  the  units  of  all  equations  are  carefully  noted  and  the  need  for  a  change  from 
standard  are  explained,  if  not  obvious. 

The  sections  on  visibility  occupy  a  preponderance  of  the  report  text.  This  is  because  the  size 
distribution  of  cloud  droplets  (the  KM  function)  is  intimately  related  to  \asibility  theory.  There  is 
no  implication,  however,  that  the  other  fields  of  endeavor  considered  are  of  lesser  importance. 

Consolidated  distribution  equations  encompassing  the  full  size  range  of  aerosols,  water- 
clouds  and  rain  are  described  in  Appendix  A.  Aspects  of  the  Mie  (1908)  scattering  theory  that  are 
important  to  equation  development  are  presented  in  Appendix  B.  The  visibility  characteristics  of  a 
monodispersed  population  of  cloud  droplets,  as  opposed  to  those  of  the  KM  function,  are  demon¬ 
strated  in  Appendix  C.  These  appendixes  contain  references  that  are  included  in  the  "List  of 
References."  A  separate  bibliography  is  also  included. 

The  report  begins  with  a  derivation  of  equations. 

2.  DERIVATION  OF  EQUATIONS 
2. 1  Number  Concentration 

The  size  distribution  properties  of  cloud  droplets  in  the  atmosphere  can  be  reasonably  de¬ 
scribed  by  the  distribution  function  of  Khrgian  and  Mazin'^  (1963).*  This  is 

N„  =  9  O'"  e-“"  (d  <  D  <  DJ  No.  m  »  mm  '  .  (1) 

where  the  subscript  “D"  signifies  “distributed  by  diameter"  and  where  Q  (in  units  of  mm^^  m‘^)  and 
Q  (in  units  of  mm  ')  have  discrete  values  based  on  the  type  and  liquid  water  content  (LWC)  of  the 
clouds  being  considered.  The  equation,  as  applied  herein,  is  presumed  to  be  descriptive  only 
between  the  truncation  limits  D  =  d  (a  minimum  diameter  of  physical  or  instrumental  restriction) 
and  D  =  (a  maximum  diameter  of  physical  or  instrumental  restriction).  The  units  of  d  and  D  in 
the  equation  are  in  millimeters. 

The  modal  (peak  value)  diameter  of  the  N^,  distribution  is 

=  2/f2  mm  .  (2) 


•  The  Khrgian-Mazin  distribution  function  has  also  been  used  by  Deimiendjian"  (1964)  to  study  the  scatte.lnfi  and 
polarization  of  water  clouds  and  hazes  at  visual  and  infrared  wavelengths. 

' '  Khirgian,  A.Kh..  and  Mazin.  I.P.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Transl..  Jerusalem.  392  pp. 

"  Diermendjian.  D.  (1964)  .Scattering  and  polarization  properties  of  water  clouds  and  hazes  in  the  r  isible  and  infrared. 
Appl.  Opt.  3:187-196 
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0,;^  is  a  measurable  quantity  of  cloud  distributions,  hence,  when  is  known,  LI  is  also 
known,  through  Eq,  (2), 

The  total  number  of  cloud  droplets  in  the  population  described  by  Eq.  (1)  is 


N  = 


No,  m  ^  , 


(3) 


or,  on  performance  of  the  integration,* 


9  1(3)  r, 

N  = -  No,  m  , 


(4) 


where  F  (3)  is  the  gamma  function  of  3  (=  2)  and  r^  is  a  “truncation  ratio”  specified  by 

“d. 

/d 


f 


N„  dD 


»'n  = 


1“ 


N.D,  , 


(5) 


N„  dD 


where  N.D,  stands  for  nondimensional.  From  Eq.  (1),  this  becomes 


r^  =  '/2  |e-“'‘  [(S2d)'-^  +  2S2d  +  2]  -  e  '^"-  ((DD^J^  +  2  QD„,  +  2)1  N.D. 


(6) 


with  d  and  D  in  mm  and  Q  in  mm  ' . 

m 

Another  useful  expression  involving  number  concentration  is  the  equation  relating  the  peak 
value  of  Np  to  the  total  number  concentration  N.  From  Eqs.  (1).  (2).  and  (4).  and  recognizing  that 
D  =  D||j  at  the  modal  peak, 

0.541  N 

N,,  =  -  No.  m'*mm  '  ,  (7) 

P  d'  r 

which  equation  can  also  be  used  in  reverse,  if  desired. 


2.2  Geometric  Projected  Area 

TTie  geometric  (or  projected)  cross-sectional  area  of  the  cloud  droplets  described  by  Eq.  (1)  is 
distributed  with  diameter  as, 

*  The  definite  integral  J  D"  e  dD.  where  n  is  any  integer,  is  deseribed  in  the  Handbook  of  Chemistry  and  Physios'  ’ 
(1982).  (one  of  many  references  in  which  this  integral  is  evaluated). 

Weast,  R.C..  and  Astle.  M.J..  eds.  (1982)  Handbook  of  Chemislnj  and  Phijsics.  CRC  FYess.  Inc..  Boca  Raton.  Florida.  A- 
63.  E-202. 
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'itD=*N_ 

Ap  =  -  {d  <  D  <  DJ  m'‘  mm  *  , 

4 

or 


Ajj  =  —  X  10-^  Q  (d  <  D  <  DJ  m  '  mm  ' 

4 

from  Ekj.  (1).  The  constant  carries  length  conversion  units  of  m*/ 10®  mm^  =  10"®. 
The  modal  diameter  of  the  distribution  (corresponding  to  the  peak  value)  is 

=  4/Q  =  2  mm. 


(8) 


(9) 


(10) 


using  Eq.  (2). 

The  total  cross-sectional  area,  of  2ill  droplets  of  all  sizes  between  the  truncation  limits  D  =  d 
and  D  =  D„,  is 

m 

A=  j^A^dD  m  *  ,  (11) 


which,  from  Eq.  (9).  on  integration,  yields 


A  = 


rt  X  10^  Q  r(5)  r^ 
4D® 


m‘ 


(12) 


where  r(5)  is  the  gamma  function  of  5  (=  24)  and  r^,  in  einalogy  with  Eq.  5.  is  the  truncation  ratio 
for  cross  sectional  area  given  by 


=  V24  (e-*"*  [(Dd)-*  +  4(Dd)®  +  12(Qd)2  +  24  Dd  +  24]  (13) 

-  e-“°"'l(DDJ‘‘  +  4(QDJ®  +  12(00 J^  +  24  OD^  +  24)1  N.D. 

It  might  be  mentioned  at  this  point  that  it  is  advantageous,  computationally  and  for  ease  of 
writing,  to  express  the  equations  for  all  truncation  ratios  herein  in  terms  of  Q,  rather  than  D|^, 
through  Eq.  (2). 

From  Eqs.  (2),  (9),  (10),  and  (12),  and  noting  that  D  =  at  the  modal  peak. 


0.391  A 


D'  r, 

N  A 


m  *  mm  * 


(14) 


which  equation  also  applies  in  reverse. 


2.3  Liquid  Water  Content 

The  liquid  water  content  of  the  cloud  droplets  described  by  Eq.  (1)  is  distributed  with  diam¬ 
eter  as 


nD"  Pw  N„ 


(d  <  D  <  g  m  ^  mm  *  , 


or,  from  Eq.  (1).  and  since  p^.  the  density  of  liquid  water,  equals  1  g  cm 


7t  X  10-^  Q 


(d  <  D  <  g  m  ^  mm 


where  the  constant  carries  length  conversion  units  of  cm^/ 10^  mm^  =  10  ®. 
The  modal  diameter  of  the  Mj,  distribution  is 

=  5/ii  =  2.5  D'^  mm  , 

employing  Eq.  (2). 

The  total  LWC  of  all  cloud  drops  of  the  population  is 


M  =  I  My  dD  g  m  ®  . 

Jd 

which,  from  Eq.  (16).  on  integration,  gives 
K  X  10  ®  Q  r(6)  r„ 


where  r(6)  is  the  gamma  function  of  6  (=  120)  and  r,^.  in  analogy  with  Eq.  (5).  is  the  truncation 
ratio  for  liquid  water  content  specified  by 

r„  -  '/,2o  I(Qd)®  *  5(nd)"  +  20(nd)®  +  60(Qd)®  120Qd  +120)  ( 

-  e-“«"'  l(QDJ®  +  5(f2DJ^  +  20(f2DJ®  +  60(QDJ®  +  120QD,,,  +  120])  N.D.  . 

From  Eqs.  (2),  (16).  (17).  and  (19),  with  D  =  at  the  modal  peak. 


0.351  M 


M,.  = 


g  m  ®  mm 


which  may  be  reversed,  if  pertinent. 
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2.4  Radar/Udar  Reflectivity  Factor 

The  distributed  values  of  the  radar/lidar  reflectivity  factor  Z  for  the  cloud  droplets  described 
by  Elq.  (1)  are  expressed  by 

=  D®  Nq  (d  <  D  <  DJ  mm®  m'*  mm  '  .  (22) 

or.  from  Ekj.  (1). 

Zp  =  Q  D®  6'“°  (d  <  D  <  DJ  mm®  m"®  mm  '  .  (23) 

The  modal  diameter  of  the  Zp  distribution  is 

D;  =  8/n  =  4  D;,  m  ,  (24) 


using  Eq.  (2). 

The  total  reflectivity  factor  for  any  given  cloud  population  is 

Z  =  I  Zp  dD  mm®  m  ^ .  (25) 

Jd 

which,  from  Eq.  (23),  results  in 

9  rO) 

Z=  - -  mm®m'®.  (26) 

Ci® 


where  r(9)  is  the  gamma  function  of  9  (=  40,320)  and  r^  is  a  truncation  ratio  for  the  reflectivity 
factor,  which,  in  analogy  with  Eq.  (5).  yields 

Tz  =  ‘/40.320  le-‘“  KQd)®  +  8(Dd)"  +  56(Qd)®  +  336(Dd)®  +  1680(ftd)‘*  +  6720(Dd)®  (27) 

+  20l60(Dd)2  +  40320Dd  +  40320)  -  e  '^-^KDOJ®  +  8(nDJ"  +  56(nDJ®  +  336(DDJ® 

+  1680(DD^)^  +  6720(DDJ3  +  20160(DDJ2  +  40320DD^  +  40320])  N.D.  . 

Although  Eq.  (27)  is  “messy,"  it  can  be  readily  solved  by  computer  or  even  by  a  programmable 
hand  calculator. 

From  Eqs.  (2),  (23),  (24).  and  (26),  wii  .  D  =  at  the  modal  peak, 

0.279  Z 

Zr,  - -  mm®  m  ®  mm  '  (28) 

r'k. 

^7. 

which  also  applies  in  reverse. 
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3.  THE  DISTRIBUTION  AND  TOTALS  EQUATIONS  EXPRESSED  IN  TERMS  OF  D;  AND  M 


3.1  The  Equation  for  Q  in  Terms  of  D|,  and  M 

ITie  equation  for  Q  is  obtained  from  Eq.  (19).  If  this  equation  is  solved  for  Q. 


M 

Q  =  -  mm  ^  m  *  . 

10  3  K  r(6)  r„ 


or,  on  evaluation  of  the  numerical  factors. 


15.9  Q®  M 

Q  =  -  mm  ^  m  ^  . 


This  equation  may  be  expressed  in  terms  of  and  M  through  the  use  of  Eq.  (2).  Thus, 
1020  M 

Q  =  -  mm'^  m'^  , 

D®  r 

‘m 

which  is  the  desired  equation. 


(29) 


(30) 


(31) 


3.2  The  Distribution  and  Totals  Equations 

With  the  development  of  Eq.  (31).  it  becomes  possible  to  express  the  distributed  and  totals 
equations  (1).  (2).  (9).  (12).  (16),  (19).  (23),  and  (26)  in  terms  of  the  measurable  quantities  and 
M. 

To  avoid  unnecessary  verbiage,  the  converted  forms  of  the  equations  cited  are  merely  listed 
below  without  comment.  The  conversions  require  the  use  of  Eq.  (31)  and  also  the  use  of  Eq.  (2). 
The  numerical  quantities  have  been  ,'valuated  and  all  constants  have  been  rounded  off  to  three  or 
four  significant  figures  as  is  appropriate. 


Np  and  N  versus  and  M 


No  = 


1020  M  e  2'V'>N 


D,® 


(d  <  D  <  D  )  No.  m  ^  mm 

'  nr 


(32) 


N  = 


255  M  r, 


and  A  versus  and  M 


8.0  X  icr*  M  O'* 


D®  r 

*M 


No.  m  *  . 


(d  <  D  <  D  )  m  '  mm  '  . 

'  m' 


(33) 


(34) 
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A  = 


6.0  X  10^  M  r. 


m 


(35) 


Afj,  uersus  D'^  and  M 


Ma  = 


0.534  M  D® 


D®  r 


(d  <  D  <  D  )  g  ni  *  mm  '  . 


(36) 


Total  M  is,  of  course,  one  of  the  measured,  independent  quantities. 


Zp  and  Z  versus  D'^  and  M 


Z  = 


1020  M  D®  e^ 


D®  r 

N  *M 


(d  <  D  <  D  ) 


mm®  m  ®  mm 


(37) 


Z  = 


8.03  X  10^  M  D;®  r^ 


mm°  m 


(38) 


4.  DISTRIBUTION  PLOTS  AND  ILLUSTRATIONS  OP  TRUNCATION  EFFECTS 

Plots  of  the  distribution  equations  (32),  (34).  (36),  and  (37)  are  presented  in  Figure  1.  The 
upper  diagram  shows  three  plots  of  distributed  droplet  number  concentration,  for  liquid  water 
content  values  of  1.0,  0.5,  and  0.1  g  m  ®.  which  are  indicated  on  the  diagram.  Also  indicated  are 
the  values  of  the  total  number  concentration,  as  computed  from  Eq.  (33).  0;;^  is  assumed  to  have  a 
typical,  constant  value  of  0.01  mm  =  10  pm  and  the  vertical  line  of  this  diameter  is  noted  (Eq. 

(7)).  Two  sets  of  ordinate  and  abscissa  scales  are  employed.  The  normal  set.  at  the  left  and  bot¬ 
tom,  gives  Np  in  No.  cm  ®  pm  '  versus  D  in  pm  (cloud  physics  convention).  The  auxiliary  set,  at 
the  right  and  top,  gives  Nj,  in  No.  m  ®  mm  '  versus  D  in  mm  (precipitation  physics  convention). 

The  diagram  (second  from  top  in  Figure  1)  contains  three  plots  of  the  distributed,  cross- 
sectional  areas  of  the  cloud  droplets  for  the  M  values  cited  above,  as  computed  from  Eq.  (34).  The 
values  of  the  total,  projected  cross-sectional  area,  for  all  droplets  of  each  population  depicted,  as 
computed  from  Eq.  (35),  are  noted  on  the  plots,  as  is  the  vertical  modal  line  of  =  2  Dj;,  =  20  pm 
(Eq.  (10)].  Values  of  V  are  also  noted.  This  maximum  visibility  quantity  is  discussed  in  Sections 
6. 1  and  6.2. 

The  third  and  fourth  diagrams  of  Figure  1  are  essentially  similar  to  the  first  two.  The  third 
shows  plots  of  Mp,  from  Eq.  (36),  and  the  total  M  values  are  those  of  basic  specification.  The  line 
of  =  2.5  D,^  =  25  pm  is  indicated  (Eq.  (17)).  In  the  fourth  diagram,  the  plots  are  those  of  Eq. 
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Zolmm 


.LUUJg.UJ  gUJUj)'^Z 


(37):  the  total  reflectivity  values  come  from  Eq.  (38).  The  modal  diameter  of  Z,,  is  =  4  =  40 

urn  (Eq.  (24)1. 

It  is  assumed  that  there  is  no  truncation  in  the  Figure  1  plots,  hence  r^^  =  r^  =  r,^  =  r^  =  1.0.  It 
should  also  be  noted  that  the  distribution  equations  shown  on  the  diagrams  require  D  entry  in 
mm. 

The  four  diagrams  of  Figure  1  reveal  the  shape  of  the  curves  of  the  Nj^.  M^,,  and  distri¬ 
butions  and  the  ordinate  scales  provide  numerical  information  about  the  values  versus  droplet 
diameter.  A  comparison  of  diagrams  demon.strates  how  the  modal  peaks  "shift  upward”  from  N,, 
to  A,j^  to  to  Z,,^  (where  the  “p"  subscript  signifies  "peak."  or  maximum,  value).  This  upward 
shift  of  the  peak  is  in  accord  with  the  increase  of  the  “diameter  moment"  (of  a  Gamma  Function), 
from  D^.  for  N„.  to  D^,  for  A,,,  to  for  M,,.  and  to  D”.  for  Z,,. 

Figure  1  is  also  useful  as  a  reference  for  illustrating  the  effects  of  truncation  on  the  four 
distributions.  Two  cases  of  truncation  will  be  considered,  both  involving  commercially-available. 
aircraft  instruments. 

The  Johnson-Williams  (JW)  instrument  is  representative  of  a  class  of  cloud  LWC  sensors 
referred  to  as  “hot  wire  devices."* ••  A  length  of  thin  copper  wire,  encased  in  teflon  tubing,  is  ex¬ 
posed  perpendicular  to  the  airstream  and  electrically  heated.  This  heated  wire  comprises  one  arm 
of  a  balanced  bridge.  A  second,  similar  wire,  not  heated  and  exposed  parallel  to  the  airstream. 
comprises  an  adjacent,  reference  arm  of  the  bridge.  Water  droplets  striking  the  encased,  heated 
wire  are  evaporated,  thus  cooling  the  wire  and  decreasing  its  resistance.  The  degree  of  unbalance 
of  the  bridge  is  a  function  of  the  cloud  LWC. 

From  flight  experience,  the  JW  instrument  is  generally  capable  of  measuring  droplet  diam¬ 
eters  between  the  truncation  limits  d  =  1  pm  to  D  =  40  pm.  with  educated  guesses  extending  the 
latter  to  something  approaching  80  pm. 

The  JW  instrument  truncation,  relative  to  the  KM  distributions,  is  illustrated  in  Figure  2.  The 
figure  is  merely  a  modification  of  Figure  1 ,  with  screening  superimposed  to  indicate  the  spectral 
portions  of  the  plots  that  would  not  be  detected  by  the  JW.  It  is  seen  (upper  diagram)  that  the 
instrument  would  obtain  sufficient  information  to  define  the  distribution  characteristics  of  droplet 
number  concentration  and  to  ascertain  a  fairly  accurate  estimate  of  total  number  concentration. 
The  truncation  ratio  for  the  detected  portion  of  the  plots  is  r^  =  0.985.  from  Eq.  (6).  This  agrees, 
as  it  should,  with  the  visually  discemable  ratio  of  the  white  areas  under  the  curves  to  the  areas 
covered  by  the  screening.  •• 

The  detection  ability  of  the  JW  instrument  for  cloud  droplets  that  are  important  to  projected 
cross-sectional  area  (and  visual  range)  is  not  quite  as  good  as  for  number  concentration.  The 
second  diagram  of  Figure  2  shows  that  the  large  diameter  parts  of  the  A,,  distributions  are  appre¬ 
ciably  truncated.  The  truncation  ratio,  r^.  for  the  plots  is  0.901,  from  Eq.  (13).  This  means  that 
the  JW  detects  90  percent  of  the  total  projected  area  that  is  present  in  the  KM  distributions, 
which  conforms  with  the  ratio  of  white  to  screened  areas  shown  visually. 


*  Bacharach  Instrument  Co..  625  Alpha  Dr..  RIDC  Incl.  Pk.,  Pittsburgh.  PA  15238 

••  Since  the  diagram  plots  are  "linear  plots."  areas  under  the  curves  on  the  paper  arc  directly  proportional  to  the  totals, 
or  truncated  pwrlions,  of  the  distributed  quantities  lying  under  the  curves. 


ZQ(mm 


Figure  2.  Plots  of  N„.  A,,.  M,,  and  Z„  as  truncated  by  the  JW-cloud-LWC  instrument,  for  three 
LWC  values. 
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The  third  diagram  of  the  figure  reveals  the  JW  instrument  truncation  situation  for  liquid 
water  content.  The  truncation  ratio,  from  Eq.  (20),  is  r^^,  =  0.809.  which  implies  that  the  J  W 
instrument's  detection  ability  for  cloud  droplets  that  are  important  to  LWC  is  about  81  percent. 

The  fourth  diagram  of  the  figure  demonstrates  that  the  JW  instrument  fails  to  detect  the 
majority  of  the  cloud  droplets  that  are  important  to  the  radar  reflectivity  factor.  Only  some  4 1 
percent  of  the  droplets  are  detectable,  from  the  r^  value  (0.407)  of  Eq.  (27).  This  suggests  that  the 
JW  instrument  is  unsuitable  for  studies  of  the  radar  reflectivity  properties  of  water  clouds.  [For 
any,  given,  distributed  quantity,  the  author  considers  an  instrument  to  be  incapable  of  providing 
useful  information  about  the  quantity  if  (1)  the  instrument  cannot  detect  the  normally-anticipated 
modal  peak  within  its  truncation  range,  or,  if  (2)  the  truncation  ratios  anticipated  are  <0.5.1 

In  contrast  to  truncation  involving  the  JW  sensor,  let  us  now  focus  on  another  class  oi  com- 
mercially-avallable,  aircraft,  cloud- LWC -instruments,  namely  the  Particle  Measuring  Systems 
(PMS)*  so-called  one-dimensional  cloud  probe  (IDC)  and  two-dimensional  cloud  probe  (2DC), 
which  are  described  by  Knollenberg'®  (1970).  Several  models  exist  for  each  of  the  probes.  These 
instruments  essentially  consist  of  a  line  of  photodiode  detectors  that  are  laser  illuminated  across 
an  air  gap  oriented  normal  to  the  airstream.  Cloud  and  drizzle  droplets  that  pass  across  the  “gap 
line"  shadow  one  or  more  of  the  detectors.  When  the  diode  information  (as  being  “shadowed  or 
not”)  is  suitably  buffered  and  recorded  for  semi-immediate  release,  number  count  data  are  pro¬ 
vided  as  a  function  of  droplet  diameter.  This  is  the  IDC  Instrument.  The  2DC  instrument  differs 
in  that  knowledge  of  the  true  airspeed  of  the  aircraft  is  employed  to  “look  at"  the  droplets  (or  ice 
crystals)  individually,  in  two  dimensions.  This  provides  “shadow  graphs"  of  the  particles  encoun¬ 
tered.  Total  LWC  with  either  Instrument  is  obtained  by  summation. 

The  PMS,  IDC,  and  2DC  probes  are  commonly  truncated  at  d  =  20  .urn,  which  is  the  smallest 
diameter  of  detectability.  The  largest  diameter  detectable  with  the  IDC  instruments  is  300  pm. 
The  largest  detectable  with  the  2DC's  ranges  from  600  pm  to  2000  pm  dependent  on  the  model 
type. 

The  truncation  situation  of  the  PMS  sensors  is  illustrated  in  Figure  3.  The  figure  is  a  modifi¬ 
cation  of  Figure  1  and  is  similar  to  Figure  2.  in  that  screening  has  been  used  to  indicate  the 
diagram  portions  not  detectable  by  the  instruments.  Thus,  d  =  20  pm  and  D^  >  200  pm.  which 
lies  well  beyond  the  right  hand  boundaries  of  the  figure  diagrams. 

The  truncation  situation  for  number  concentration  indicates  that  the  PMS  instruments  are 
unsuitable  for  cloud  studies  involving  this  quantity.  The  truncation  ratio  from  Eq.  6  is 
r^  =  0.238  and  it  is  visually  obvious,  from  the  plots,  that  the  instruments  fail  to  detect  the  modal 
peaks  of  the  KM  distributions. 

The  situation  for  projected,  cross-sectional  area  is  somewhat  questionable:  r^  =  0.629  and  it 
is  seen  that  the  modal  peaks  are  detected,  but  “just  barely."  The  instruments  cannot  be  used  for 
area/ visibility  studies  unless  their  data  are  “compensated"  for  the  spectral  portions  “not  seen." 

The  truncation  situation  for  LWC  is  improved,  but  data  compensation  is  still  required.  The 
truncation  ratio  is  0.785.  The  situation  for  radar  reflectivity  factor  is  good;  r^  =  0.979  and  the 


*  Particle  Measuring  Systems.  1855  South  57th  Court.  Boulder.  Colorado  80301 

Knollenberg,  R.G.  (1970)  The  optical  array:  an  alternative  to  scattering  or  extinction  for  airborne  particle  size  determi¬ 
nation.  J.  Appl.  Meteor..  9:86-103. 
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instruments  should  provide  excellent  information  about  the  radar  reflectivities  in  water  clouds. 
{For  those  radars  that  are  capable  of  detecting  clouds,  see  Section  10.3  and  Table  8.) 


5.  THE  BASIC  KHRGIAN-MAZIN  DISTRIBUTION  FUNCTION 

TTie  KM  distribution  function  is  the  equation  (for  number  concentration)  that  leads  to  alt  the 
other  distribution  and  totals  equations  developed  herein.  Therefore,  we  have  a  legitimate  question 
in  asking,  "how  descriptive  of  the  real  world  of  cloud  physics  is  the  function,  actually?". 

The  general  form  of  the  function,  as  pointed  out  by  Oiermendjian'^  (1964),  is 

G„  =  F  D"  e  '  .  (39) 

where  is  any  given  distributed-hydrometeor-quantity.  D  is  the  effective  diameter(s)  of  the 
hydrometeors,  n  is  an  integer  "moment  number"  (of  a  Gamma  Function).  F  is  a  coefficient  factor, 
not  necessarily  a  constant,  and  f  is  a  multiplication  factor  of  the  exponent,  also  not  required  to  be 
constant. 

Khrgian  and  Mazin  were  probably  the  first  to  recognize  the  importance  of  this  generalized 
distribution  form  as  applied  specifically  to  cloud  physics.  They  tested  the  form  versus  some 
600,000  droplet  samples  of  number  concentration  and  concluded  that  the  best  description  was 
obtained  for  a  moment  number  n  =  2.  [Borovikov,  et.  al.^  (1963)).  This  leads  directly  to  their 
distribution  function,  Eq.  (1)  herein. 

Diermendjian  himself  presented  powerful  evidence  about  the  descriptivity  of  the  general 
equation.  He  applied  the  equation  to  aerosols,  employing  the  data  of  Junge,  Chagnon  and 
Manson'^  (1961).  He  found  that  the  data  were  best  described  by  the  moment  number  6.*  He  then 
used  the  theory  of  Mie'**  (1908),  together  with  his  equation  for  aerosols  and  that  of  KM  for  water 
clouds,  to  deduce  the  scattering  and  polarization  properties  of  aerosols,  hazes  and  water  clouds 
at  visual  and  infrared  wavelengths.  His  report  is  a  valuable  contribution  to  the  literature. 

There  should  be  little  question,  therefore,  about  the  quality  of  the  KM  function  that  provides 
the  basis  for  the  present  work. 

The  primary,  immediate  areas  of  application  of  the  KM  function  would  appear  to  lie  (1)  in  the 
area  of  "weather  definition"  and  (2)  in  the  area  of  providing  design,  operational,  and  testing  assis¬ 
tance  to  insure  the  internal  cloud  physics  consistency  and  continuity  of  so-called  “storm  models." 

*  The  skewing  of  the  general  distribution  function.  [Ex}.  (39)1.  toward  larger  sizes  relative  to  the  mode,  increases  with 
moment  number.  Diermendjian.  from  Khrglan-Mazin,  noted  that  the  number  distributions  for  clouds  Is  best  fitted  with 
moment  number  2  (small  skew).  As  the  moment  number  Increases  to  4  (for  plan  area),  to  5  (for  LWt).  to  8  (for  radar  Z), 
the  skew  of  the  associated  distributions  increases.  Diermendjian  also  found  that  the  number  distribution  for  aerosols  is 
best  fitted  with  moment  number  6.  This  Implies  Immediately  that,  for  aerosols,  the  moment  for  plan  area  is  8.  the  moment 
for  LWC  is  9  and  the  moment  for  radar  Z  is  12.  Thus,  the  aerosol  distributions  evidence  more  slcewing  than  the  cloud 
distributions. 

Diermendjian.  D.  (1964)  Scattering  and  polarization  properties  of  water  clouds  and  hazes  in  the  visible  and  infrared. 
Appl.  Opt.  3:187-196 

'  Borovikov,  A.M..  Gaivoronskii,  I.I..  Zak,  E.G..  Kostarev.  V.V..  Mazln.  I.P..  Mlnervin,  V.E..  Khrgian  A.  Kh..  and  Shmeter. 
S.M.  (1963)  Cloud  Physics.  Israel  Prog.  Scl.  Transl.,  Jerusalem,  392  pp. 

Junge.  Ch.E..  Chagnon,  C.W..  and  Manson.  J.E.  (1961)  J  Meteor..  18:81. 

Mie.  G.  (1908)  Beitrage  zuroptik  Iriiber  medien.  spezlell  kolloidalei  metallosungen.  Arm.  Phus..  25.377-445  (Leipzig). 
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Weather  definition  comprises  a  wide  range  of  application  which  can  be  roughly  described  as 
“the  ability  to  predict  the  state  of  the  atmosphere,  including  hydrometeors,  for  any  operational 
need.”  As  mentioned.  AFGL  provided  such  information  to  BMO  as  part  of  their  SAMS/ABRES 
program  concerning  hydrometeor  erosion  of  the  nose  cones  of  missiles  and  re-entry  vehicles.  The 
hydrometeors  were  predicted  using  the  KM  function,  for  water  clouds,  from  aircraft  JW  measure¬ 
ments  of  cloud  LWC“  (Plank.  1974)  and  using  the  exponential  function  described  by  Plank'  (1977) 
and  Plank.  Berthel  and  Barnes'-'  (1980),  for  rain,  employing  radar  data.  Ice  crystals  and  snow 
were  also  predicted  from  radar  data.  The  equations  contributed  importantly  to  the  assessment  of 
hydrometeor  erosion  of  nose  cones  at  hypersonic  velocities. 

The  capabilities  of  AFGL  [now  Geophysics  Directorate  of  the  Phillips  Laboratory  (GP)1  for 
predicting  the  distribution  properties  of  water  clouds  should  be  enhanced  by  the  equations 
developed  herein.  With  the  consolidated  equations  for  both  clouds  and  rain,  presented  in  Appen¬ 
dix  A,  if  they  are  programmed  for  computer  solution,  much  of  the  previous  work  of  providing 
tabular  and  graphical  information  to  a  user  could  be  substantially  reduced  and  the  products 
could  be  submitted  more  quickly. 

The  second  area  of  application  is  that  of  providing  design,  operation,  and  testing  information 
for  storm  models.  A  start  toward  this  goal  has  been  reported  by  Banta.  Berthel  and  Plank^  (1986) 
and  Berthel,  Banta  and  Plank'^  (1987).  In  essence,  the  KM  equations,  incorporated  into  the  com¬ 
posite  equations,  will  provide  checks  on  the  consistency  of  the  various  microphysical  assump¬ 
tions  that  were  made  in  the  original  design  of  the  model.  For  example,  is  an  assumption  regarding 
the  production  of  liquid  water  in  the  model  consistent  with  another  assumption  made  elsewhere 
in  the  model  about  the  distributed  nature(s)  of  the  hydrometeor  spectra  of  the  totals?  Is  there 
continuity  in  the  working  model?  Questions  such  as  these  are  reintroduced  in  Appendix  A.  after 
the  discussion  and  illustration  of  the  features  of  the  composite  equations. 

We  turn  now  to  a  consideration  of  visual  range  and  visibility,  as  predicted  by  the  KM  distribu¬ 
tion  function. 


6.  DESCRIPTION  OF  VISUAL  RANGE,  MAXIMUM  VISIBILITY,  AND  VISIBILITY 


Bennett^"  (1935)  was  probably  the  first  to  note  the  distinction  between  “visibility."  a  subjec¬ 
tive.  popular-usage  term,  and  the  "visual  range.”  a  term  that  is  more  specific  and  quantifiable. 


’’  Plank.  V.G.  (1974)  Liquid-waler-contenl  and  Hi/dromeleor  Size  dislribiilion  Information  Jor  the  SAMS  Missile  Flights  of  the 
1971-72  Season  at  Wallops  Island.  Virginia.  AFC'RL/SAMS  Report  No.  3.  AFCRl'-TR  74  0296.  AD  A002370.  Special  Report 
No.  178,  143  pp. 

'  Plank,  V'.G.  (1977)  Hydrometeor  Data  and  Analvtical-lheorelical  Inveslisjalions  Pertaining*  to  the  SAMS  Missile  Flii<hts  of 
the  1972-73  Season  at  Wallops  Island,  Virginia.  AFCRl./SAMS  Report  No,  ,6.  AFGL-TR  77-0149.  AD  A051  192.  ERP  No. 
S03.  239  pp. 

Plank.  V.G..  Berthel,  R.O..  and  Barnes,  A.A.  (1980)  An  improved  method  lor  obtaining  water  content  valnes  ol  ice 
hydrometeors  from  aircraft  and  radar  data.  J.  Appl.  Meleorol..  19.1293-1299.  AFGLTR-Bl -001  1.  AD  A09432H. 

‘  Banta.  R..  Berthel,  R.O..  and  Plank.  V.G.  (1986)  A  bulk  microphysical  parameterization  based  on  doublv  truncated 
exponential  distribution  and  empirical  relationships.  Conference  on  Cloud  Physics.  Snowmass.  CO. 

’  Berthel.  R.O..  Banta.  R..  and  Plank,  V.G.  (1987)  The  Application  of  Donhle-inmcnted  Hydronieleor  Oislrihntions  to 
Numerical  Cloud  Models.  AFGL-TR-87-00.60,  ERP  No.  966.  ADA  185  273.  26  pp, 

Bennett,  M.G.  (1935)  Further  conclusions  concerning  visibility  by  day  and  night.  Quart.  J.  Roy.  MeteoroL  Soc..  61: 17f)-18H. 
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Middleton^'  (1941)  and  Houghton^^  (1945)  added  additional  details  to  the  distinction. 

To  paraphrase  Huschke“  (1959),  the  term  “visibility"  is  specified  to  be  the  distance  at  which 
viewed  objects  can  be  recognized.  The  more  general  expression  “visual  range”  carries  no  require¬ 
ment  of  recognition  but  only  of  the  ability  to  “see”  out  to  a  given  range.  For  example,  an  aircraft 
pilot  flying  in  clouds  always  has  the  day/night  ability  to  see  ahead  to  the  visual  range  (of  ”first 
discernment")  without  the  also  necessity  that  a  particular  object  exists  ahead  at  a  visibility  (dis¬ 
tance)  of  “recognition,” 

6.1  Maximum  Visibility 

The  maximum  visibility  (of  “recognition")  is  related  to  the  summed  projected  cross-sectional 
area  of  the  cloud  droplets  in  the  manner  illustrated  and  described  in  the  following  paragraphs. 

Consider  a  square  tunnel  of  1  meter  by  1  meter  cross-section,  along  which  “distance  marks” 
have  been  emplaced  every  meter  of  length,  leading  to  infinity  (see  the  sketch  of  Figure  4).  The 
tunnel  consists  of  a  series  of  cubes,  each  of  1  m^  cross  section  and  1  m^  volume  within  which 
there  is  strict  mathematical  adherence  to  the  rules  of  the  KM  distribution  function  concerning  the 
numbers  and  size  distribution  of  cloud  droplets. 

If  we  look  down  this  tunnel  from  its  near  end.  our  ability  to  recognize  objects  (that  might  be 
present  at  some  location  along  the  tunnel)  depends  on  the  summed,  projected  cross-sectional 
areas  of  the  droplets.  Thus,  the  visibility  reduction  due  to  the  presence  of  the  droplets  is 

AV=1.0  N.D.  ,  (40) 


or 


V  =  1/A  m  , 


(41) 


where  V  is  the  symbol  used  to  identify  this  particular  quantity.  The  rationale  for  the  symbol  is 
that  it  is  an  inverted  A,  which  is  precisely  correct. 

For  the  A  value  of  the  Khrgian-Mazin  distribution  function.  |Eq.  (35)1,  this  visibility  becomes 


V  = 


1667  D,  r^ 

Mr^ 


m  . 


(42) 


It  is  reiterated  that  V  describes  only  that  portion  of  the  visibility  reduction  due  to  the  direct 
blocking  (or  shadowing)  of  the  cloud  droplets  themselves.  There  are  other  important  contributions 
to  visibility  reduction,  such  as  diffraction-reflection  (and  the  secondary  effects),  the  contrast  of 
the  objects  viewed,  solar  effects,  the  size  of  objects,  etc.  These  will  be  considered  in  the  following 
sections. 


Middleton.  W.E.K.  (1941)  Visibility  in  Meteorology,  second  edition,  Univ.  of  Toronto  Press.  Toronto. 
Houghton.  H.G.  (1945)  Visibility.  Handbook  of  Meteorology.  McGraw-Hill  Publishers,  242-251. 


“  Huschke,  R.E.  (1959)  Glossary  of  Meteorology .  Amer.  Meteor.  Soc.,  Boston,  613. 


Sketch  of  the  tunnel  of  recognition  visibility. 


It  should  be  stated  initially  that  the  equations  to  be  developed  herein  have  no  fundamental 
day/night  dependence.  They  can  be  applied  to  either.  In  the  discussions  of  the  present  report. 
sufRcient  threshold  illumination  (equal  to  or  exceeding  twilight  amount)  is  assumed  to  exist.  For 
nighttime  viewing  (not  discussed  herein)  the  equations  can  be  modified  to  reflect  the  situation  of 
looking  at  lights  and  artificially-illuminated  objects. 

It  is  also  assumed  a-priori  that  the  atmospheric  medium  along  the  "path  of  view”  in  any  given 
visibility  situation  is  a  homogeneous  one  and  that  the  path(s)  are  not  restricted  by  any  effects  of 
earth  curvature. 


6.2  VisibiUty 

In  the  development  of  the  visibility  equation,  it  should  first  be  noted — the  details  are  de¬ 
scribed  and  illustrated  in  Appendix  B — that  cloud  droplets,  due  to  their  sizes  relative  to  the 
wavelength(s)  of  visible  light,  fall  primarily  in  the  region  of  geometric  optics  of  the  general  scatter¬ 
ing  theory  of  Mie"^  (1908).  In  this  region,  the  principal  effects  that  tend  to  make  the  apparent 
diameters  of  the  droplets  “look  larger”  than  their  actual  physical  sizes  are  extinction  effects 
caused  by  diffraction  (<t^),  by  internal  reflection  and  refraction  (ct_^),  by  the  sun's  elevation  and 
azimuth  angles  relative  to  an  observer's  line  of  sight  (ct^,).  by  secondary  effects  of  all  types  (ct^.^) 
and  by  the  backscatter  toward  the  observer  caused  by  atmospheric  gases  and  aerosols  that  tend 
to  : educe  an  observer's  contrast  for  objects  viewed  (ct^.„).  The  latter  is  a  subject  discussed  by 
Duntley^"*  (1948). 

Johnson^®  (1954)  has  indicated  that  the  total  extinction  for  clouds  may  be  written  as  the  sum 
of  the  components.  Thus, 


CT  =  A  +  CT .  +  +  a  .  +  CT,  .  +  a.  m"'  , 

d  IT  sol  scd  cir 


(43) 


where  A,  the  projected,  cross-sectional  area,  is  the  principal,  mathematically-stable  component  of 
the  total. 

For  simplification,  Eq.  (43)  may  be  written  as 


CT  =  A  -t-  CTg  m  ‘ 


where  ct^,  the  “extra  extinction”  caused  by  all  components  additional  to  A,  is  given  by 


CT.,  =  CT.  +  <T  +  (T  ,  +  CT  .  +  CT  .  m  ' 

L  d  IT  sol  scd  clr 


The  ratio. 


k  =  N.D. 
"  A 


(44) 


(45) 


(46) 


Mie.  G.  (1908)  Beitrage  zur  optik  triiber  medien.  speziell  kolloidaler  metallosungen.  Ann.  Phys..  25:377-445  (Leipzig). 
Duntley.  S.Q.  (1948)  The  visibility  of  distant  objects.  J.  Opl.  Soc.  Amer..  38:237-249. 

Johnson.  J.C.  (1954)  Physical  Meteorology.  New  York  Technical  Press.  MIT  and  Wiley.  393. 
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has  been  defined  by  Stratton^®  (1941),  Kerr  and  Goldstein^^  (1951)  and  others.  It  is  the  same  ratio 
which,  for  single  spheres,  is  illustrated  in  Figure  Bl,  Appendix  B,  in  the  context  of  the  Mie  scat¬ 
tering  theory.  The  ratio,  of  course,  also  applies  to  multiple  spheres,  if  their  size  distribution  is 
known  or  specified. 

With  Eq.  (44)  introduced  into  Eq.  (46), 


k  = 


(T 


A 


N.D.  . 


(47) 


which  shows  that,  for  spheres  consisting  of  water  droplets  in  the  Mie  scattering  region  of  geomet¬ 
ric  optics,  k^  can  never  have  a  value  smaller  than  unity. 

Johnson^®  (loc.  cit.,  page  80)  has  shown  (working  through  differences  of  symbology)  that 

ln(l/€) 

g=  -  m',  (48) 

V 


where  V  is  the  visibility  and  In  (1/e)  is  the  “contrast"  that  specifies  observe  r  instrument  ability 
to  differentiate  and  “see"  objects  of  various  shades  of  gray,  or  of  color,  against  their  gray  oi'  col¬ 
ored  backgrounds.  Examples  would  include  a  black  object  against  a  white  background,  or  vice 
versa,  or  a  blue  object  against  a  reddish  sky,  or  vice  versa. 

If  Eq.  (46)  is  introduced  into  Eq.  (48)  and  the  result  is  solved  for  V, 

ln(l/€) 

V  =  -  m  .  (49) 

k  A 

<r 

This  is  the  general  form  of  the  visibility  equation  ofTrabert^®  (1901).  The  equation  can  be 
made  “distribution  specific”  with  assumed  (or  measured)  knowledge  of  A,  based  on  the  particular 
properties  of  the  cloud  droplet  distribution. 

For  the  Khrgian-Mazin  distribution  employed  in  this  report,  A  is  given  by  Eq.  (35).  When  this 
equation  is  substituted  in  Eq.  (49), 

,,  1667  D,ln  (1/e)  r„ 

V  =  -  m  .  50) 

k  Mr^ 

IT  A 

This  is  the  Khrgian-Mazin  form  of  the  general  Trabert  equation. 


Stratton.  J.A.  (1941)  Electromagnetic  Theory.  McGraw-Hill.  563  pp. 

Kerr.  D.E..  and  Goldstein.  H.  (1951)  Radar  targets  and  echoes.  Propagation  of  Short  Radio  Wnocs.  13.  Chap.  6. 
McGraw-Hill. 

Johnson.  J.C.  (1954)  Physical  Meteorology.  New  Yorlt  Technical  Press.  MIT  and  Wilev.  393. 

Trabert.  Wilhelm  (1901)  Die  extinction  des  lichtes  in  eineni  triiben  medium  (Schwcite  in  wolken).  Meteor.  '/...  18’518- 
525. 
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Equation  (42)  permits  Eq.  (50)  to  be  written  alternately  as 
V  In  (1/e) 

V=  -  m.  (51) 

k 

(7 

The  definition  of  maximum  recognition  visibility  (for  the  KM  distribution)  may  be  deter¬ 
mined  from  Eqs.  (50)  and  (51),  as  follows. 

The  maximum  occurs  when  V  =  1  and  k,  =  1.0.  For  these  conditions,  Ekj.  (51)  becomes 


In  (l/€  )  =  1.0  N.D.  , 


(52) 


or 


e 


max 


0.368 


N.D.  . 


(53) 


As  a  matter  of  interest  and  to  facilitate  forthcoming  comparisons  with  the  historical  work  of 
others,  we  might  also  determine  the  equation  conditions  that  apply  to  the  KM  distributions  for 
the  limit  of  discernment  seeing. 

Koschmleder^®  “  (1924a,  1924b),  from  experiments  and  reference  to  the  work  of  Weber*' 
(1916),  Helmholtz'*'^  (1896)  and  others,  deduced  that  the  discernment  limit  (for  his  “black  body”) 
had  the  value  =  0.02,  with  In  (l/ej  =  3.91.  Subsequent  investigators  almost  universally  used 
this  limit  as  the  “standard”  for  their  visibility  studies. 

The  seeing  differences  associated  with  recognition-viewing  (or  visibility)  as  opposed  to  dis¬ 
cernment-viewing  (or  visual  range)  may  be  determined  by  writing  the  ratio 


Rd/r  = 


N.D.  , 


(54) 


where  and  V  are  the  viewing  limits  corresponding  to  the  discernment  (VJ  and  recognition  (V) 
situations. 

From  Eq.  (50),  assuming  that  =  0.02,  for  discernment  viewing,  and  =  0.368,  for  recogni¬ 
tion  viewing,  we  obtain,  when  Eq.  (50)  for  the  separate  situations  is  introduced  into  Eq.  (54). 


^/R 


In  (1/0.02) 
In  (1/0.368) 


3.91 


N.D. 


(55) 


”  Koschmleder.  H.  (1924)  Theorie  der  horizontalen  sichtwelte.  Beitrage  zur  physik  derfreien  atmosphdre.  XII;33-53. 

*  Koschmleder.  H.  (1924b)  Theorie  der  horizontalen  sichtwelte  11:  kontrast  und  sichtwelte.  Beilrage  zur  physik  der  freien 
atmosphare.  701:17 \-l8l. 

Weber,  L.  (1916)  Die  albedo  des  luft  planktons.  Ann.  d.  Physik.  15:427-449. 

”  Helmholtz,  H.L.F.  von  (1896)  Handbuch  der  Physiologischen  Oplik.  Hamburg  und  Leipzig. 
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Thus,  all  other  conditions  being  equal,  that  is.  the  conditions  of  contrast,  of  scattering  ratio, 
and  of  LWC,  the  visual  range  will  be  3.91  times  larger  than  the  visibility.  This  is  the  prediction  of 
the  KM  distribution  equations.  The  ratio  value  also  presumes  that  the  Koschmieder  value  is 
definitive. 

We  continue  with  further  consideration  of  the  properties  and  limitations  of  the  KM  visibility 
equation.  (Eq.  (50)1. 

First  of  all,  the  truncation  ratios,  r^  and  r^.  that  enter  the  equation  are  neglected  for  the 
moment.  However,  they  are  not  forgotten. 

The  e.xtinction  ratio,  k_.  of  the  equation  should  have  values  ranging  from  about  1.5  (normal) 
to  perhaps  as  much  as  4.0  (with  solar  effects).  Looking  at  the  components  of  Eq.  (44),  which 
establish  the  values  of  k^  through  Eq.  (46).  we  should  be  able  to  evaluate  the  component  from 
diffraction  theory.  The  component,  (r^,.  due  to  solar  angle  is  also  diffractive,  will  be  of  major 
importance,  and  will  have  maxima  both  in  the  sun  direction,  where  coronas  are  observed,  and  in 
the  anti-solar  direction,  where  glories  are  observ'ed.  This  component,  too.  should  be  amenable  to 
evaluation  from  diffraction  theory  and  from  the  theories  of  coronas  and  glories.  According  to 
Mlnnaert ''  (Dover  Publications,  1954)  such  corona/glory  phenomena  are  commonly  present  in  all 
clouds,  even  though  the  coronas  and  glories  themselves  may  not  be  visually  obvious  (also  refer¬ 
ence  Jones  and  Condit  ’^  (1948)).  The  components  and  it  ^  of  Eq.  (44)  are  and  will  be 

exceedingly  difficult  to  predict.  Perhaps  outdoor  visibility  experiments  under  known  conditions  of 
solar  angle  and  subject  contrast  might  assist.  Or.  long-term  visibility  experience  at  numerous 
reporting  stations  might  provide  some  useful  Information. 

The  contrast.  In  (1/e),  in  Eq.  (50),  for  recognition  viewing,  will  have  values  ranging  from  the 
maximum  value  of  1 .0  (for  e,  =  0.368)  to  the  "no  contrast"  value  of  zero. 

The  modal  diameter.  DJ^.  in  Eq.  (49).  has  heretofore  been  assumed  to  be  a  constant,  having  a 
typical  value  of  0.01  mm  (10  pm).  This  is  not  likely  though,  because,  as  the  liquid  water  content 
decreases  in  a  cloud,  to  the  point  where  it  can  no  longer  be  called  a  cloud,  the  cloud  droplets  at 
the  modal  peak  of  the  size  distribution  cannot  remain  at  constant  diameter.  The  modal  diameter 
(along  with  the  rest  of  the  distribution)  must  shift  downward  in  size  toward  zero  as  the  cloud  LWC 
approaches  zero.  Therefore.  D^.  in  Eq.  (50),  must  be  a  function  of  M.  The  nature  of  the  function 
will  be  explored  in  the  continuing  discussion. 

6.3  Nomographic  Illustration  of  the  Characteristics  of  the  KM  Visibility  Equation  for 

Constant  DJ, 

For  =  constant  =  0.01  mm  and  r,^  =  r^  =  1.0  (no  truncation),  Eq.  (49)  reduces  to 
16.7  In  (1/6) 

V  =  -  m  .  (56) 

k  M 

cf 


which  is  an  equation  In  four  variables,  e.  k_.  M,  and  V. 


"  Minnaert.  M.G.J.  (1935)  Light  and  Colour  in  the  Open  Air.  G.  Bell  &  Sons,  Ud.  (Republished  1954,  Dover  Publieatlons). 

Jones.  L.A..  and  Condil,  H.R.  (1948)  Sunlijihi  and  skylight  as  determinants  of  photographic  exposure — luminous 
density  as  detennined  by  solar  altitude  and  atmospheric  conditions.  J.  Opt.  Soc.  of  Amen.  38:123. 
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The  only  way  to  illustrate  the  characteristics  of  this  equation  is  by  use  of  a  nomogram.  Such 
a  nomogram  is  presented  in  Figure  5  and  may  be  explained  as  follows. 

The  Figure  5  nomogram,  in  addition  to  indicating  the  solution  of  Eq.  (56)  for  recognition 
visibility,  also  contains  input  arows  and  tracing  lines  to  show,  for  one  particular  example,  how  a 
user  would  “enter”  the  nomogram  with  the  variables  k^,  t  (actually  [In  (l/e)],  emd  M  to  obtain 
values  of  V.*  A  consideration  of  this  example  will  provide  instruction  about  the  use  of  the  nomo¬ 
gram. 

The  lower  portion  of  the  nomogram,  with  the  insert  arrows  [In  (l/c)lg — “E”  for  “example” —  and 
and  the  sloping  tracing  lines,  partially  solves  Eq.  (56)  for  the  ratio  (In  ( 1  /i)/kj^.  The  scale  of 
this  ratio  lies  along  the  line  X  -  X'.  The  scale  values  are  not  shown  on  the  nomogram,  but  the 
scale  is  linear  and  the  values  are  readily  deduced. 

The  main,  upper  portion  of  the  nomogram  thus  receives  the  input  quantities  (In  (l/ej/kj^,. 
from  its  lower,  abscissa  scale,  and  M^.,  from  its  left-hand  ordinate  scale,  which  solves  Ekj.  (56)  for 
Vg.  The  isollnes  of  V  have  been  drafted  on  the  nomogram.  With  reference  to  these  isolines,  our 
example  provides  a  visibility  value  of  =  550  m. 

The  value  of  =  0.368  (vertical  line),  corresponding  to  perfect  contrast,  is  noted  on  the 
nomogram,  along  the  e  scale  at  the  bottom.  This  vertical  line  may  also  be  scaled  for  values  of  the 
maximum  visibility,  V.  as  indicated  by  the  “V  arrow"  at  the  top  of  the  nomogram.  The  V  values  are 
those  of  the  V  isolines,  at  the  points  where  they  intersect  the  vertical  line.  The  values  are  the 
visibility  reductions  caused  by  the  droplets  themselves,  with  perfect  object  contrast  and  k,  =  1 .0. 

The  nomogram  is  limited  by  cloud  physics  and  meteorological  realities.  Hence.  M  is  limited,  at 
its  upper  bound,  at  5  g  m  -’.  Findings  reported  by  Lewis“  (1947),  Pettit^  (1955),  and  Borovikov,  et 
al,^  (1963)  reveal  that  cloud  LWCs  rarely,  if  ever,  exceed  2-4  g  m'^.  so  this  provides  a  degree  of 
“overplot.”  The  visibility  isolines  are  labeled  from  2  m  to  50,000  m  (31  miles).  This  spans  the 
range  of  research/experimental,  aviation  and  synoptic-meteorological  interest. 

The  Figure  5  nomogram  reveals  two  things  of  fundamental  importance  to  cloud  physics  and 
visibility.  First,  where  visibility  is  concerned,  very  small  values  of  LWC  are  important.  Second,  the 
dichotomy  is  revealed  regarding  the  assumption  of  =  constant.  How  can  it  be  possible,  for 
example,  to  have  a  rnodcil  diameter  of  0.01  mm  (10  pm)  in  association  with  a  large  visibility  of, 
say  50,000  m,  corresponding  to  M  values  in  the  range  3  x  10"*  g  m'^  or  smaller?  The  answer  is 
that  it  is  not  possible.  A  “merger  assumption."  between  the  number  concentration  and  mass 
contents  of  aerosols  and  those  of  water  clouds,  is  obviously  required.  The  assumption  will  neces¬ 
sarily  involve  a  statement  of  the  dependence  of  DJ,  on  M  as  approaches  the  aerosol  region. 

Such  an  assumption  is  described  in  the  following  section.  It  is  a  mcyor  assumption  that  will 
affect  all  of  the  subsequent  work  of  the  present  report  and  that  the  author  did  hot  make  lightly. 


*  Real  or  postulated  knowledge  of  any  three  of  the  variables  will  provide  an  estimate  of  the  fourth  (by  "working  the 
nomogram  backward"). 

Lewis.  W.  (1947)  A  Flight  Investigation  oj  the  Meteorological  Conditions  Conducive  to  the  Formation  of  Ice  on  Airplanes. 
Tech.  Notes  Nat.  Adv.  Comm.  Aero..  Wash..  1393.  34, 

Pettit.  K.G.  (1955)  The  characteristics  of  supercooled  clouds  during  Canadian  icing  experiments.  Proc.  Toronto  Confer¬ 
ence. 

’’  Borovikov,  A.M..  Gaivoronskli.  1. 1..  Zak.  E.G..  Kostarev.  V.V..  Mazin.  I.P..  Minervin.  V.E..  Khrgian  A.  Kh..  and  Shmeter. 
S.M.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Transl..  Jerusalem.  392  pp. 
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[In  (1/£)]e 


Figure  5.  Nomogram  for  recognition  visibility  with  isolines  in  meters  fD' 
also  example  of  nomogram  use,  reference  text. 


=  constant  =  .01  mm) 
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Rather,  much  of  the  visibility,  cloud  physics,  and  aerosol  information  of  the  literature,  pertinent 
to  the  problem  and  cited  in  the  references  and  bibliography  herein,  was  reviewed  and  judged 
(subjectively,  of  course)  before  the  assumption  was  made.* 


7.  THE  D;  versus  M  ASSUlfPTION  STEMMING  PROM  VISmiUTT  CONSIDERATIONS 

The  droplet  sizes  in  cloud  populations  will  not  decrease  to  actual  zero  as  the  LWC  decreases. 
Rather,  they  will  decrease  to  the  sizes  of  the  condensation  nuclei  (moist  aerosols)  from  which  the 
clouds  were  first  formed. 

A  convenient  reference  atmosphere  for  aerosols  is  the  “dry  rural  model"  of  Fenn,  et  aF^ 

(1985).  This  model  describes  the  normal,  typical  concentration  of  aerosols  in  the  absence  of  any 
special  generation  sources  of  particulates,  such  as  sea  salt,  dust,  smoke  and  industrial  pollut¬ 
ants.  The  features  of  the  model  as  portrayed  by  the  distribution  function  of  Diermendjian'^  (1964) 
are  illustrated  in  Appendix  A.  Figures  A1-A5.  Size  distribution  information  for  water  clouds  amd 
rain  is  also  presented.  It  is  seen  that  the  largest  of  the  aerosols  overlap  ilie  smallest  cloud  drop¬ 
lets.  that  the  total  number  concentration  of  aerosols  is  about  10®  times  larger  than  the  numbers 

for  clouds  but  that  the  mass  concentrations  of  aerosols  is  about  a  hundred  times  smaller  than 

* 

those  for  clouds. 

In  synoptic  meteorology,  the  rule  for  reporting  visibility  as  restricted  or  unrestricted  is  that 
visibilities  smaller  than  6  miles  (9650  m)  are  considered  restricted  whereas  those  larger  than  6 
miles  are  unrestricted.  Restricted  is  not  the  same  as  the  “unlimited”  specification,  which  occurs 
at  a  visibility  equal  to  or  greater  than  about  30  miles  (some  48,300  m). 

In  making  the  assumption  about  the  Dj,,  dependence  on  M.  the  author  reasoned  as  follows.  At 
an  M  value  of  1.0  g  m"^,  the  corresponding  value  of  D^ls  typically  equal  to  .01  mm  (10  pm).  This 
becomes  one  “tie  point"  of  the  assumption.  At  the  restricted/unrestricted  boundary  of  visibility 
classification  in  synoptic  meteorology,  one  wishes  to  define  a  diameter  size  for  that  is  consis¬ 
tent  with  the  number  concentration  of  the  larger  aerosols  of  the  atmosphere  and  that  is  also 
reasonably  consistent,  at  the  “unlimited  boundary."  with  0,;^  being  neither  “ridiculously  large"  or 
“ridiculously  small,"  relative  to  the  aerosol  distribution.  With  these  considerations  in  mind,  it  was 
presumed  that  =  0.001  mm  (1  pm)  at  a  maximum  visibility,  V,  of  6  miles.  This  became  the 
second  “tie  point”  of  the  basic  assumption.  Also,  it  is  a  point  that  should  be  amenable  to  experi¬ 
mental  verification. 

The  relation  of  and  M  was  postulated  to  be  of  the  power  function  form, 

DJj  =  a  m®  mm  .  (57) 


•  For  example,  some  of  the  major  works  (In  the  approximate  chronological  order  of  first  publication)  are  those  of 
Bouguer,  Brewster,  Tyndall,  Clausius,  Rayleigh.  Helmholtz,  Conrad.  |19th  Century],  Trabert.  Mie,  Wegener.  Cabannes. 
Ramon.  Koschmleder,  Angstrom,  Rozenberg,  and  Kdhler.  11900-1930),  Middleton.  Junge.  Houghton.  Penndorf.  Brlcard; 
Levin,  van  de  Hulst.  Duntiey.  Shlfron,  Nelburger,  Aufm  Kampe.  and  Khrgian.  [1930-1960].  and  Diermendjian,  Young, 
Beard.  Nussenzvelg,  Bohren.  Fenn.  Crane,  Squires,  and  Warner,  (1960-19901. 

Fenn,  R.W..  Clough,  S.A.,  Gallery.  W.O..  Good.  R.W..  Knelzys,  F.X.,  Mill.  J.D..  Rothman.  L.S..  Shettle,  E.P..  and  Volz. 
F.E.  (1985)  Optical  and  Infrared  Properties  of  the  Atmosphere.  Chap.  18  in  Handbook  of  Geophysics  and  the  Space 
Environment.  Jursa.  A.S..  Ed.,  AFGL.  1-80,  ADA  167000. 


Diermendjian.  D.  (1964)  Scattering  and  p>olarizatlon  properties  of  water  clouds  and  hazes  in  the  visible  and  infrared. 
Appl.  Opt.  3:187-196 
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For  the  first  “tie  point,”  described  above,  the  coefficient,  a,  of  Eq.  (57)  becomes,  a  =  0.01  mm. 
For  the  second  “tie  point.”  =  0.001  mm  when  V  =  9650  m  (6  miles),  the  corresponding  M  value, 
from  Eq.  (50),  ignoring  truncation,  is 

M=  1.73x10^  gm*.  (58) 

which,  when  we  take  the  natural  logarithm  of  Eq.  157)  and  use  the  M  value  of  Eq.  (58).  with  D'^  = 
0.001  mm.  yields  b  =  0.27,  as  rounded  off  to  two  places  consistent  with  the  lack  of  quantitative 
measurements.  * 

For  these  a  and  b  values.  Eq.  (57)  becomes 

D|^  =  0.01  mm  .  (59) 

which  is  the  author's  basic  assumption  of  relationship. 


8.  CONSEQUENCES  OF  THE  ASSUMPTION 

The  assumption  of  Eq.  (59)  affects  all  of  the  distribution  and  totals  equations  of  Khrgian  and 
Mazin  that  have  been  developed  thus  far.  Hence,  b  ore  continuing  our  visibility  discussion,  we 
will  pause  to  modify  Eqs.  (7),  (14).  (21).  (28),  and  (32)  through  (38)  for  conformance  with  the  new 
assumption.  As  before,  the  equations  will  be  converted  “as  a  batch.”  without  comment. 

Thus,  with  Eq.  (59)  substituted  into  these  cited  equations,  the  modified  versions  become,  in 
sequence. 


D^.  IV.  and  versus  M 

N^,  =  1.02  X  10'‘'  M  D"e  200D  M  (d  <  D  <  DJ  No.  m^  mm  '  .  (60) 

=  .01  mm  .  (61) 

(basic  visibility  assumption) 

2.55  X  10«M<”Sr^ 

N  -  No.  m  ^  .  (62) 

I’m 

N„^  =  1.38  X  10'«  No.  m  3  mm  1  .  (63) 


*  The  exponent  “b"  of  Eq.  (57)  Is  very  sensitive  in  separating  situations  of  “sense"  from  those  of  “nonsense.”  Descriptive 
sense  seemingly  lies  within  the  range  b  =  0.27  ±  0.02. 
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A„.  D',  A,  and  A,,  versus  M 

n’  A’  Dj, 


Ay  =  8  X  10«  D*  e  (d  <  D  <  DJ 

D;  =  2  D;  =  0.02 

0.060  M'’  "^ 

A=  - 

Tm 

Ay  =2.34M0''« 

M„.  D' ,  and  M,  uersus  M 

U  M 

My  =  5.34  X  10“  M-o“  D5  e  (d  <  D  <  DJ 

D;^=  2.5  D;=  0.025 

M  Is  the  measured,  independent  quantity. 

My^  =  35. 1 

Zy,  Dy  Z  and  Zy  versus  M 

Zy  =  1 .02  X  10‘®  D8  e-200  d  m^27  (d  <  D  <  D J 

□2  =  40;,  =  0.04  M® 

0.0803  M'  8' 

Z  =  - - 

Zy  =2.23M‘8^ 


m  '  mm  ‘  . 

mm  . 

m  '  . 

m  '  mm  ‘  . 

g  m'8  mm'  1  . 
mm  . 

g  m'8  mm  '  . 

mm®  m'8  mm  '  . 

mm  . 

mm®  m'8  . 

mm®  m'8  mm  '  . 


(64) 

(65) 

(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 


An  illustration  of  the  above  distribution  and  totals  equations  for  Ny  and  N.  'Aj,  and  A,  My  and 
M,  and  Zy  and  Z  is  provided  in  Figure  6.  The  diagrams  of  the  figure  are  similar  to  those  of  Figure 
1 .  The  same  values  of  M  are  used  for  the  individual  distribution  plots  and  the  plots  are  for  the 
condition  of  no  truncation.  The  isolines  of  the  modal  peaks,  D^,  ,  and  are  indicated  by  the 

dashed  lines  (D|^  is  not  included,  since  it  would  confuse  the  upper  plot).  As  in  Figure  1,  two  sets  of 
abscissa  and  ordinate  scales  are  shown,  with  D  in  pm  (bottom)  or  mm  (top)  and  the  values  of  the 
distributed  quantities  in  pm  bandwidth  (left)  or  mm  bandwidth  (right).  Additionally,  for  Ny  and  N, 
the  values  are  per  cm^  volume  (left)  or  per  m^  volume  (right).  The  distribution  equations  shown,  it 
should  be  noted,  require  D  entry  in  mm. 
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0(min) 

.02  .03  .04  .05  .06  .07  .08  .09 

Nq  =  1.02x10®  M-  62  d2  e-200  DM--27  ^  ^-3 


N  0« 


Aq  =  8.0x10®  M-  ®2 


Figure  6.  Plots  of  N^.  A,,,  M„.  and  Z„  for  the  new  visibility  assumption  of  Eq.  (59).  for  three  liquid 
water  content  values  ^ 


A  comparison  of  Figures  1  and  6  reveals  the  following  about  the  new  assumption  relative 
to  the  previous. 

With  regard  to  number  concentration  (upper  diagrams),  the  modal  peaks  of  are  bserved 
to  shift  to  the  left  and  increase  value  with  decreases  in  LWC.  This  rellects  the  fact  that  the  modal 
peak  of  the  cloud  droplets  is  rising  to  merge  with  the  peak  of  the  number  of  aerosols  (condensa¬ 
tion  nuclei),  which  are  considerably  more  numerous  in  the  atmosphere  than  are  the  cloud  drop¬ 
lets,  [see  Figure  Alj.  Another,  auxiliary  reason  for  the  rising  modal  trend  with  decreasing  is 
that,  for  a  given  value  of  LWC,  more  small  droplets  are  required  to  produce  the  peak  than  are 
large  droplets. 

The  modal  peaks  of  the  distribution  of  projcj-ted.  cross-sectional  area  (second  diagrams),  shift 
leftward,  toward  D  =  0,  and  downward,  with  decreasing  Also,  except  for  the  M  =  1.0  g  m  ' 
curves  (which  are  common  for  both  Figure  1  and  Figure  6).  the  total  A  values  are  laiger  for  the 
new  assumption,  than  for  the  previous,  and  the  maximum  visibilities,  V,  are  correspondingly 
smaller. 

There  is  little  to  say  about  the  M|j  and  Z,,  distributions  of  the  lower  diagrams  other  than  that 
the  modes  progressively  move  downward  toward  zero  with  decreasing  LWC.  as  for  A^^.  However, 
the  total  Z  values  are  smaller  than  previous,  unlike  the  A  values. 

With  respect  to  the  truncation  situations  for  cloud  physics  instruments  that  were  illustrated 
in  Figures  2  and  3,  it  is  seen  from  Figure  6,  in  analogy,  that  “hot  wire  type"  instruments  tend  to 
be  “more  attractive"  for  measurements  under  the  new  conditions  portrayed.  Conversely,  the  PMS, 
IDC,  and  2DC  instruments  tend  to  be  "less  attractive."* 


9.  VISroiLITY  RECONSIDERED 


The  basic  assumption  of  Eq.  (59)  affects  the  previous  visibility  equations  as  follows. 

From  Eq.  (50).  the  Khrgian-Mazin  form  of  the  general  Trabert  equation  for  recognition  visibil¬ 
ity  becomes 

16.67  In  (1/e)  r„ 

V  =  - ^  m  (75) 


and  the  equation  for  maximum  visibility  becomes 
16.67  r 

V  =  - ^  m  , 


(76) 


from  Eq.  (51). 


*  it  will  be  noted  that  the  author  has  made  no  prior  reference  to  the  PMS.  SSSP  and  FSSP  cloud  instrujiienls.  also 
commercially  available.  These  instruments,  which  operate  on  the  principles  of  the  side  and  forward  scattering  of  light 
caused  to  impinge  on  the  cloud  droplets  (or  ice  cry.stals).  are  subject  to  many  of  the  very  same  diffractive  and  scattering 
effects  that,  in  visibility  studies  particularly,  we  are  attempting  to  determine.  Thus,  the  instruments  are  of  questionable 
value  in  a  comparative  study  such  as  the  present. 
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9.1  Descriptive  Nomograms  and  Examples  of  Common  Visibility  Experience 

A  nomogram  illustrating  the  solution  of  Eq.  (75)  is  presented  in  Figure  7.  The  nomogram  is 
similar  to  that  of  Figure  5,  except  that  no  scale  of  €  is  included  at  the  bottom.  Tnancation  is 
ignored,  as  before.  A  vertical  scale  of  (in  pm)  has  also  been  drafted  in  Figure  7.  to  the  left  of  the 
M  scale.  The  D!;^  values  indicated  are  of  interest  but  they  do  not  directly  enter  the  nomographic 
solution  of  Eq.  (75).  The  instructions  for  the  use  of  the  nomogram  are  the  same  as  explained 
previously,  relative  to  Figure  5. 

This  nomogram  reveals  the  improved  description  of  visibility  resulting  from  the  incorporation 
of  Eq.  (59).  The  values  are  in  reasonable  accord  with  gradual  merging  of  cloud  droplet  distribu¬ 
tions  into  the  size  distributions  of  aerosol  particles  (also  with  a  merging  of  mass  contents).  The  V 
values  along  the  M  scale,  which  as  in  Figure  5,  are  the  values  indicated  on  the  V  isollnes.  conform 
with  Eq.  (76).  For  common  M  and  contrast  values,  it  is  seen  that  the  visibilities  of  Figure  7  are 
appreciably  smaller  than  those  of  Figure  5.  Moreover,  the  visibility  isolines  are  "shaped  differ¬ 
ently"  for  increasing  values  of  contrast. 

The  Figure  7  nomogram  also  reveals  that  very-small  visibilities,  of  2  m  or  so,  are  realized  only 
under  the  “absolute  worst  of  seeing  conditions,  in  which  the  LWCs  are  large,  the  extinction  ratio 
is  large,  (as  when  looking  in  the  direction  of  the  sun),  and  the  contrast  between  viewed  objects 
and  background  is  small.  On  the  other  hand,  large  ’’isibilities  occur  with  small  LWC.  with  small 
extinction  ratio,  like  looking  cross  sun,  and  with  gooc  contrast  conditions  for  objects  viewed. 

For  the  convenience  of  aviation  and  synoptic-meteorological  interests,  a  companion  nomo¬ 
gram  to  Figure  7  is  provided  in  Figure  8,  in  which  the  visibility  isolines  are  scaled  in  feet  and 
miles.  The  threshold  boundaries  defined  as  "restricted”  and  "unlimited"  are  emphasized  and 
labeled  "R6"  and  "U30."  A  third  isoline  is  also  emphasized,  labeled  “D2000."  This  is  the  “  decision 
range"  (important  in  aviation  meteorology)  at  which  an  aircraft  pilot,  attempting  to  land  under  IFR 
conditions  at  a  Category  11  airport  (the  most  common)  must  decide  whether  to  make  the  attempt, 
or  not.* 

The  two  nomograms  just  cited  describe  the  situation  of  recognition  visibility,  which  involves 
the  ability  to  recognize  objects  seen.  It  is  equally  important  to  describe  the  situation  of  discern¬ 
ment  visibility,  which  involves  the  “first  discernment"  of  objects  seen  vaguely  and  dimly  at  the 
limits  of  human  visual  lity. 

As  demonstrated  in  Section  6.2,  Eqs.  (54)  and  (55).  discernment  viewing  for  the  KM  distribu¬ 
tion  function  is  3.91  times  larger  than  recognition  viewing  under  comparable  contrast  conditions. 
Thus,  the  equation  for  discernment  visibility  becomes 

65.3  M^  "^  In  (1/e)  r,^ 

V„=  - ^  m.  (77) 

k  Ta 

from  Eq.  (75),  and  the  equation  for  the  maximum  visual  range  becomes 


*  The  decision  range  for  IFR  (Instrument  Flight  Rules)  approach  to  a  Category  II  airport  is  governed  by  the  pertinent 
FAR's  (Federal  Aviation  Regulations),  IFR  S3 1. 1 16h.  IFR  §91 . 189c  and  Appendix  A.  Paragraph  3,  Sub-Parts  2  (iv)  and  4. 
The  trigonometry  and  length  unit  conversions  required  to  convert  these  rules  into  terms  of  "decision  range"  are  the 
authors'  own.  The  range  distance  is  "rounded  off  to  the  nearest  100  feel.  The  above  rules  are  conveniently  provided  in  the 
AOPA  (Aircraft  Owners'  and  Pilots'  Association)  publication  entitled  "AOPA's  Aviation  USA." 
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MODAL  DIAMETER.  D’^,  (pm) 


31 


MODAL  DIAMETER,  D*n  (pm) 


Figure  8.  Nomogram  for  recognition  visibility  with  isolines  in  miles  and  feet  |D|,j  =  .01  mm) 
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m  , 


(78) 


65.3  r. 


from  Eq.  (76). 

Tfie  nomogram  of  Figure  9  illustrates  the  discernment  ranges  to  be  anticipated  under  the 
viewing  conditions  of  Eqs.  (77)  and  (78).  The  nomogram  is  similar  to  that  of  Figure  7,  except  that 
the  isolines  are  now  in  terms  of  discernment  visibility,  (in  meters).  The  values  of  maximum 
discernment,  V^,  are  Indicated  along  the  vertical  M  scale  at  the  places  where  the  isolines  intersect 
the  M  scale. 

For  applications,  the  nomogram  of  Figure  10  is  provided,  which  is  identical  to  Figure  9, 
except  that  the  isolines  of  have  been  drafted  in  feet  and  miles,  analogous,  and  comparable  to, 
the  isolines  of  Figure-  8. 

The  discussion  .  the  significance  of  these  nomograms  will  be  limited  to  a  comparison  of 
Figures  8  and  10.  Such  comparison  will  more  closely  relate  to,  and  provide  examples  of,  our 
common,  everyday  seeing  experiences,  than  will  the  other  nomograms. 

First  of  all,  let  us  consider  a  synoptic  weather  observer  who  is  required,  on  a  given  day,  to 
report  or  not  report  the  mandatory  “visibility  restriction”  of  6  miles.  In  his  report,  does  he  subjec¬ 
tively  “think"  in  terms  of  discernment  or  recognition?  There  is  a  possible  factor  of  2  (— 1/2  of  3.91) 
uncertainty  involved  in  his  report  based  on  his  personal  way  of  thinking,  as  demonstrated  by 
Figures  8  and  10.  This  is  an  intolerably-large  uncertainty  that  can  be  immediately  reduced  by 
defining  new  standards  of  operational  requirements. 

Next,  let  us  consider  an  aircraft  pilot  on  final  IFR  approach  to  a  Category  11  airport.  Does  he 
make  his  decision  based  on  his  first,  vague  view  of  the  runway  touchdown  block  (with  its  white 
stripes)  or  on  his  full  eind  complete  “recognition”  of  the  block,  stripes  and  runway?  The  answer 
probably  lies  “somewhere  between.”  But  it  indicates  how  the  pilot  uses  both  of  his  visual  skills  (of 
discernment,  first,  followed  by  recognition);  combined  with  his  personal  safety  standards,  to  effect 
a  satisfactory  landing.  This,  too,  is  demonstrated,  comparing  Figures  8  and  10. 

Finally,  although  numerous  other  examples  of  common  experience  could  be  cited,  let  us 
consider  the  viewing  problem  of  a  deer  hunter  on  a  somewhat  foggy  morning.  His  problem,  if  he  is 
reckless,  is  to  discern,  as  he  walks  through  the  woods,  whether  the  living  object  ahead  is  a  deer, 
as  opposed  to  a  farmer's  cow,  a  bear,  a  moose,  or  another  human  being.  Such  reckless  hunters 
exist  and  “shoot"  on  discernment.  On  the  other  hand,  a  cautious,  legally-concerned,  deer  hunter 
will  move/ereep  forward,  until  he  can  definitely  recognize  that  he  is  stalking  a  deer  and  that  the 
deer  is  a  buck  (legal)  as  opposed  to  a  doe  (illegal).  The  nomograms  of  Figures  8  and  10  indicate 
that  if  the  visual  situation  of  the  morning  is  governed  by  a  LWC  of  0.01  g  m'®.  a  contrast  condition 
of  In  (1/e)  =  0.2  (contrast  in  the  forest  setting  is  “rather  poor")  and  an  extinction  ratio  of  k^  =  1.5, 
the  cautious  deer  hunter  will  first  discern  the  deer  at  a  range  of  about  800  feet  and  will  then  have 
to  move  some  600  feet  forward  to  his  recognition  that  it  is  a  legal  buck. 

The  author  trusts  that  he  has  made  his  point,  about  the  reality  of  the  two  distinct  types  of 
viewing  that  humans,  and  all  other  living  things  with  eyes,  commonly  experience  daily  and  use 
routinely  without  any  questions  of  definition  or  quantitative  expression  of  definition.  He  also 
hopes  that  citing  the  examples  versus  the  nomograms  has  provided  instruction  about  the  signifi¬ 
cance  of  the  nomograms. 
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Figure  10.  Nomogram  for  discernment  visibility  with  isolines  in  miles  and  feet  (Dj^  =  .01  mm) 
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9.2  Comparisons  with  Other  Visibility  Studies 


Visibility  concepts  and  equations  were  historically  developed  over  the  years  approximately  as 
described  below.  The  author  uses  the  word  “approximately"  because,  in  his  reading  of  the  litera¬ 
ture,  he  found  that  the  record  was  not  always  “clear  ” 

Trabert,  in  1901,  was  probably  the  first  to  present  the  visibility  equation 

V  =  ^  m.  (79) 

where  C  is  a  particular  constant.  M  is  the  liquid  water  content  of  the  cloud  droplets  and  r  is  the 
radius  of  the  droplets  (in  pm).*  The  radius,  r.  is  a  variable,  but  Trabert  failed  to  speedy  its  exact 
definition.  We  now  know,  in  hindsight,  that  the  definition  depends  on  the  nature  of  the  size 
distribution  of  cloud  droplets  and  on  the  statistical  procedures  that  might  be  used  to  obtain  some 
measure  of  an  “average.” 

Following  Trabert.  there  was  much  discussion  in  the  literature  about  the  value  of  C  in  his 
visibility  equation.  For  example.  Conrad  '*’  (1901).  also  Wagner"*  (1909).  determined  the  value  to 
be  2.9.  Richardson^®  (1919)  found  a  value  of  5.8  and  Kohler"  (1927)  obtained  a  value  of  3.05. 
Kohler**^  (1929)  presented  a  revised  value  of  6.1,  questioned  the  invariability  of  the  constant  and 
stated  “that  C  in  reality  should  be  a  function  of  cloud  density. “  Stratton  and  I  Knighton’  ’  (1931). 
from  the  work  of  Mie'"  (1908),  Debye^*  (1909)  and  Koschmieder^'*  (1924a.  1924b)  found  that  the 
value  should  be  2.6,  smaller  than  previously  suspected. 

The  main  channels  of  developmental  thought  leading  to  enhanced  understanding  of  visibility 
flowed  largely  from  the  work  of  Koschmieder,  and  of  Stratton  and  Houghton. 


•  It  may  be  that  the  historical  record  of  vi.'ihllity  theory  predates  Trabert  and  that  he  merely  extended  the  prior  work  of 
Helmholtz^’  (1896).  Rayleigh*”  (1899)  and/or  others. 

Conrad,  V.  (1901)  Ober  den  Wassergehall  der  Wolken  (Water  content  of  clouds),  Denkschrift  Math.  Naturwiss.  K. 
Akad.  d.  Wiss..  73:1 15-131. 

Wagner.  A.  (1909)  Untersuchungen  der  Wolkenelemente  auf  dem  hohen  Sonnblick.  MfU'or.  Z..  26:371. 

*"  Richardson,  L.F.  (1919)  Measurements  of  water  in  clouds.  Proc.  Roy.  Soc.  London.  A.  96:19-31. 

■*'  Kohler.  H.  (1927)  Zur  kondensation  des  wasserdampfes  in  der  atmosphare  (On  water  in  the  clouds).  Goophys.  Pnhi.  5. 
Golo.  16  pp. 

**  Kohler.  H.  (1929)  Wolkenuntersuchungen  auf  dem  Sonnblick  in  Herbsl  1928.  Mfteor.  Z..  46:409-410. 

■"  Stratton.  J.A..  and  Houghton.  H.G.  (1931)  A  theoretical  investigation  of  the  transmission  of  light  through  fog.  Phys. 
Reu..  38:159-165. 

Mie,  G.  (1908)  Eleltrage  zur  optlk  truber  medlen.  speziell  kolloidaler  metallo.sungen.  Ann.  Phys..  25:377-44,5  (U-ipzig). 

**  Debye.  P.  (1909)  Der  lichtdruck  auf  kugeln  von  beliebigem  material.  Ann.  Physik.  30:57-136. 

Koschmieder.  H.  (1924)  Theorie  der  horizontalen  sichtweite.  Beitrdge  zur  physik  dcr  freicn  atmosphare.  XII:33-53. 

Koschmieder.  H.  (1924b)  Theorie  der  horizontalen  sichtweite  II:  kontrast  und  sichtweite.  lleilrage  zur  physik  der  Jreien 
atmosphare,  XU:  171-181. 

Helmholtz.  H.L.F.  von  (1896)  Handhuch  der  Physiologischen  Optik.  Hamburg  und  l>eipzig. 

*”  Strutt.  John  W.  (Lord  Rayleigh)  (1899)  On  the  transmission  of  light  through  an  atmosphere  containing  small  particles 
in  suspension,  and  on  the  origin  of  the  blue  of  the  sky.  Phil.  Mag..  47:375-384.  Al.so,  (1903)  Scl  F'apcrs  fV.  397. 
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Koschmieder  did  not  deal  directly  with  visibility,  per  se.  Rather,  he  considered  the  effects  of 
contrast  on  visibility.  He  found  that  the  effects  were  governed  by  In  (1/t).  where  €  is  an  “extinction 
quantity.”  He  also  established  that  optimum  contrast — best  seeing  conditions — would  occur  for  a 
perfect  black-body-absorber  contrasted  against  a  perfectly  white  background.  He  then  deter¬ 
mined.  from  theoretical  work,  self-conducted  experiments  and  reference  to  the  findings  of 
Helmholtz  (loc.  cit.).  that  c.  at  the  “threshold  of  contrast."  when  black  and  white  blend  together 
and  can  no  longer  be  distinguished,  has  the  value  6^  =  0.02.  or  In  (l/ej  =  3.91. 

Koschmieder  thus  provided  the  equation 

ln(l/€) 

= -  m  .  (80) 

a 

where  a  is  the  back- scattering  cross-section  of  the  cloud  droplets. 

For  Koschmieder's  threshold  of  contrast  value  of  e  =  =  0.02.  this  becomes 

3.91 

V=  -  m.  (81) 

or 

Koschmieder  was  apparently  unaware  of  the  visibility  equation  of  Trabert.  There  is  no  refer¬ 
ence  to  Trabert  in  either  of  his  papers. 

Because  of  the  lasting  Influence  of  the  contributions  of  Stratton  and  Houghton  to  visibility 
theory,  their  assumptions  and  work  leading  to  the  development  of  their  form  of  Trabert's  equation 
are  described  and  discussed  in  Appendix  C. 

In  essence,  (summarizing  Appendix  C)  Stratton  and  Houghton  (SH  subsequently)  assumed  (1) 
a  monodispersed  distribution  of  cloud  droplets  all  of  common  size.  From  the  work  of  Mie'"  (1908) 
and  Debye^"*  (1909).  they  assumed  (2)  that  the  extinction  ratio,  k  ,.  of  previous  reference,  had  the 
value  2.0.  From  Koschmieder's  work,  they  assumed  (3)  that  visibility  could  best  be  described  by 
the  Koschmieder  “threshold  of  contrast"  value  of  =  0.02  (which  we  now  know  is  the  “threshold 
of  extinction"  for  discernment  viewing). 

From  these  three  assumptions,  SH  determined  that  Trabert's  equation  should  be  written  as 

2.6  r 

V  = - m  .  (82) 

M 

where  r  is  the  droplet  radius  for  any  given  monodispersed  population. 

Unknowingly  (hindsight  is  a  good  teacher),  SH.  by  their  assumption  that  contrast  in  visibility 
could  best  be  handled  by  the  simple  specification  of  a  constant  threshold  of  contrast,  eliminated 
the  possibility  of  investigating  the  effects  of  variable  contrast  in  the  manner  described  by 
Koschmieder. 


Mle,  G.  (1908)  Beltrage  zur  optik  truber  medien,  spezlell  kolloidaler  metallosungcn.  Ann.  Phys..  25:377-445  (Leipzig). 
“  Debye.  P.  (1909)  Der  lichtdruck  auf  kugeln  von  beliebigem  material.  Ann.  Physik.  30:57-136. 
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There  were  numerous  followers  of  SH.  all  of  whom  used  the  third  SH  assumption  of  constant 
contrast  threshold.  Most  also  used  the  second  assumption.  Few  questioned  the  validity  of  the 
assumptions. 

Investigative  attention  after  SH  thus  focused  primarily  on  the  first  SH  assumption  and  on 
how  droplet  size  distributions  differing  from  moncxlispersed  might  effect  the  Trabert  constant. 

Aufm  Kampe^*^  (1950a.  b)  examined  his  aircraft-acquired  visibility  data  and  the  data  of 
Diem^'*  (1942)  and  concluded  that  the  SH  visibility  equation  was  essentially  correct,  without 
change. 

Aufm  Kampe  and  Weickmann^'*  (1952),  after  consideration  of  available  information,  concluded 
that  the  Richardson^"  (1919)  form  ofTrabert's  equation,  that  is. 

5.8  r 

V  =  -  m  .  (83) 

M 

which  had  been  used  previously  to  determine  LWC  from  measurements  of  visibility  and  droplet 
radius,  was  unsuitable  for  such  application.  They  noted  that,  since  the  Trabert  “constant”  tends 
to  increase  as  the  droplet  size  spectra  "broaden."  the  Stratton-Houghton  Eq.  (82).  as  modified  to 

2.6  f 

V  =  -  m  ,  (84) 

M 

where  f  is  a  mean  radius,  might  be  used,  with  caution,  for  “narrow"  spectra.  But.  with  spectrum 
broadening,  the  constant  would  tend  to  increase  from  2.6  toward  Richardson's  5.8.  Such  a  spec¬ 
tral  broadening  effect  is  verified  in  Appendix  C.  where  the  effect  is  discussed  specifically. 

Middleton"”  (1952).  among  other  things,  questioned  the  threshold  of  contrast  value  of 
Koschmleder.  He  emphasized  that  disagreements  about  this  threshold  were  inevitable  and 
pointed  out  that  Houghton®'  (1939),  from  his  investigations  in  fog.  had  deduced  that  =  0.06. 
Shallenberger  and  Little®'^  (1940)  experimentally  determined  a  value  of  0.032.  Bricard®®  (1939) 


■**’  Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Meleorot..  7:54-57. 

"  Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Meteorol.  7: 166. 

Diem,  M.  (1942)  Messungen  der  grosse  von  wolltenelementen  I  (Measuring  the  size  of  cloud  elements).  Ann.  der 
Hydrogr..  Bd.  70. 

*■'  Aufm  Kampe.  H.J.,  and  Welckmann,  H.K.  (1952)  Traberfs  formula  and  the  determination  of  the  water  content  in 
clouds.  J.  Meteorol..  9:167-171. 

Richardson.  L.F.  (1919)  Measurements  of  water  in  clouds.  Proc.  Roy.  Soc.  London.  A,  96:19-31. 

Middleton.  W.E.K.  (19.52)  Vusion  Through  the  Almospher€'.  Univ.  ofToronto  Press,  Toronto.  105  pp, 

Houghton.  H.G.  (1939)  On  the  relation  between  visibility  and  the  constitution  of  clouds  and  fog.  J.  Aer.  Sci..  8:408- 
411. 

“  Shallenberger,  G.D.,  and  Little.  E.M.  (1940)  Visibility  through  haze  and  smoke  and  a  visibility  meter.  J.  Opt.  Soc. 
Amer..  30:168-176. 

Bricard.  J.  (1939)  Etude  de  la  constitution  des  nuages  au  .sommet  du  Puy-de-Dome.  Metorologie.  20.  lll-fV.  83-92. 
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obtained  values  from  0.0077  to  0.025.  Douglas  and  Youngs  (1945).  from  measurements  with  a 
photoelectric  telephotometer,  found  0.055.  Blackwell'’’’  (1949).  investigating  the  calibration  of  his 
“disappearance  range  gauge,"  reported  that  had  to  exceed  0.02. 

Middleton,  during  the  1950-1951  period,  conducted  his  own  experiments  to  determine  e^. 
Using  a  baffled  photoelectric  telephotometer,  he  stationed  10  observer  airmen  (at  various  ranges, 
presumably)  to  report  the  contrast  between  a  “mark"  and  the  sky  background.  Supposedly,  a 
scale  of  contrast  had  been  devised.  This  “mark  contrast  information. “  combined  with  that  of  the 
telephotometer,  provided  values  of  e^.  Middleton  found,  from  1000  observations,  as  he  stated,  “an 
enormous  range  of  values.”  The  median  value  was  0.031  and  the  data  revealed  variation  from 
0.005  to  0.155.  Middleton  also  analyzed  285  observations  acquired  by  Howell  (unpublished)  at 
Mount  Washington  and  obtained  similar  results. 

Such  variability,  however,  does  not  invalidate  the  Koschmieder  value  of  e  =  0.02  for  a  perfect 
black  body  absorber  contrasted  against  a  perfectly  white  background.  It  merely  means  that  the 
contrast  “marks”  and  background  references  used  by  Middleton  were  less  than  perfect,  in  varying 
degree,  and  for  those  e  values  he  deduced  to  be  smaller  than  0.02  (impl3nng  a  “better  than  per¬ 
fect”  contrast  situation),  there  were  possible  errors  of  observation,  measurement,  analytical 
assumption,  or  computation. 

Atlas  and  BartnofP®  (1953)  verified  and  extended  the  Aufm  Kampe/Weickmann  work  on 
spectral  broadening.  They  demonstrated  that  the  Trabert  constant  “had  preferred  values  in 
natural  clouds  ranging  from  3.3  for  fair  weather  cumulus  to  4.8  for  nimbostratus.”  They  found 
that  visibility  could  be  described  better  by  the  equation 

KpD, 

V  =  - -  m  .  (85) 

M 

in  which  is  the  median  volume  diameter  of  the  LWC  distribution,  p  is  the  density  of  liquid 
water  and  K  is  a  coefficient  that  is  nearly  independent  of  the  breadth  of  the  cloud  droplet  spectra. 
They  worked  with  the  distribution  histograms  of  the  multicylinder  method  [used  by  Clark^’^  (1946) 
and  Houghton®”  (1951)|.  to  develop  their  equations.  In  particular,  they  found  that  K  =  1.2  was  in 
good  correspondence  with  the  65  data  observations  of  Diem®”  (1948)  over  the  range  of  spectral 
breadths  that  occur  in  natural  clouds. 


^  Douglas.  C.A..  and  Young,  L.L.  (1945)  Development  of  a  Transmissometer  for  Determining  Visual  Range.  U.S.  Dept,  of 
Commerce.  C.A.A.  Tech.  Div.  Rep.  No.  47. 


Blackwell.  H.R!  (1949)  Report  of  progress  of  the  Roscommon  Visibility  Tests.  June  1947-Dec.  1948.  Paper  read  to  the 
Aviation  Lighting  Comm,  of  the  I.E.S..  Washington,  Apr.  21.  1949. 


Atlas,  D..  and  Bartnoff.  S.  (1953)  Cloud  visibility,  radar  reflectivity  and  drop-size  distribution.  J.  Meteorol..  10;  143- 
148. 

Clark.  V.F.  (1946)  The  multicylinder  method.  Aft.  Washington  Mon.  Res.  Bull.,  2.  No.  6. 


Houghton.  H.G.  (1951)  On  the  physics  of  clouds  and  precipitation.  Compendium  of  Meteorology.  American  Meteorologi¬ 
cal  Society.  Boston,  165-181. 

Diem,  M.  (1948)  Messungen  der  grosse  von  wolkenelementen  11  (Measuring  the  size  of  cloud  elements).  Met.  Rund..  Bd. 
1,  261-273. 
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When  K  =  1.2  <*’  substituted  Into  Eq.  (85).  when  p  (=  10®  g  m  is  evaluated  and  when  Dy  is 
expressed  in  pm,  there  results 


1-2  D, 

M 


m  . 


(86) 


which  is  the  Atlas-Bartnoff  form  of  Trabert's  equation.  Incidentally,  the  assumption  of  k_  =  2.0  is 
incorporated  in  the  equation,  in  accord  with  the  second  assumption  of  Stratton  and  Houghton. 
Johnson^®  (1954),  from  scattering  theory,  demonstrated  that 

ln(l/€) 

V  =  -  m  ,  (87) 

CT 


is  the  defining  equation  for  visual  range.  This  is  the  same  equation  originally  developed  by 
Koschmieder  (loc.  cit.)  which,  for  Koschmieder's  threshold  of  contrast  value  of  c  =  =  0.02. 

becomes  Eq.  (81). 

Johnson,  among  the  others,  questioned  the  significance  of  the  t  =  0.02  threshold  assumption 
and  saw  little  justification  for  its  use.  He  postulated  that  some  other  threshold  value,  rather  than 
that  for  a  black  body,  might  better  describe  visual  range  in  the  real  atmosphere.  But  he  couldn't 
define  an  appropriate  alternative. 

Johnson  also  questioned  the  practice  of  virtually  all  authors  reviewed  herein  of  assigning  k,, 
in  their  development  of  visibility  equations,  the  value  2.0.  From  diffraction  theory  and  Mie  theory, 
he  pointed  out  that  k^  would  have  the  value  2  only  under  the  condition  D/\  <  10,  where  D  is  the 
droplet  diameter  and  X  is  the  wavelength  of  the  incident  light.  However,  for  D/X  >  20,  k,  would  be 
1.0.  Thus,  k^  should  vary  from  1  to  2  over  the  normal  size  range  of  cloud  droplets.*  To  express 
this  emother  way,  the  “diffractive  fringes”  around  cloud  droplets,  which  increase  their  apparent 
size,  will  be  larger  for  small  droplets  than  for  large  droplets. 

Johnson  failed  to  consider  the  solar  diffractive  effects  that  are  commonly  observed  as  corona/ 
glory  phenomena.  These,  in  the  author's  opinion,  might  increase  values  of  k^  to  as  much  as  4.  or 
so,  if  an  observer  is  looking  in  the  solar  direction,  or  to  2,  or  so,  in  the  anti-soleu"  direction. 

Johnson  did  not  present  a  visibility  equation  but  his  work  is  of  inestimable  value  to  the 
theory. 

This  is  the  final  paper  that  will  be  summarized  here.  We  turn  now  to  the  principal  topic  of 
this  section,  which  is  a  comparison  of  the  visibility  equation  of  the  present  report  with  the  visibil¬ 
ity  equations  of  the  investigators  Just  cited.  The  equation  of  Koschmieder  [Eq.  (80)1  cannot  be 
considered,  since  it  is  not  a  visibility  equation  in  terms  of  M.**  This  leaves  the  equations  of 
Richardson,  of  Stratton  and  Houghton,  and  of  Atlas  and  Bartnoff.  The  Richardson  equation  is 

*  The  author  agrees  with  the  logic  of  these  statements  of  Johnson  but  not  the  details.  There  seems  to  be  an  inadvertent 
factor  of  10  discrepancy  in  his  D/X  value.  It  should  probably  read  D/X  <  1.  which,  reference  Appendix  B.  Figure  B1  and 
Table  Bl.  would  make  “better  sense."  The  "weightings"  that  Johnson  placed  on  other  components  affecting  k,.  reference 
Ekjs.  (44)  and  (46),  are  also  unknown  factors. 

••  This  is  irrespective  of  the  Johnson  assertion  that  the  equation  is  definitive.  Koschmieder  did  not  develop  <t  in  terms  of 
LWC  and  scattering  ratio.  Johnson  did. 


Johnson.  J.C.  (1954)  Physical  Meteorology.  New  York  Technical  Press.  MIT  and  Wiley,  393. 


included  because  it  represents  a  possible  upper  bound  to  spectral  broadening  and  may  be  com¬ 
pared  with  the  equation  of  Atlas  and  Bartnoff. 

We  must  now  establish  “comparability”  among  the  KM  Eq.  (75)  and  Eqs.  (82),  (83).  and  (85). 

For  a  monodispersed  distribution  of  cloud  droplets,  the  modal  diameter  is  the  diameter. 
Thence,  the  droplet  radius  r  is  related  to  D,;,  as 

Dn 

r=  - pm.  (88) 

2 

For  distributions  of  narrow  spectral  breadth,  clo.se  to  monodispersed,  r  in  the  above  equation 
may  be  replaced  by  f,  without  sensible  error. 

For  the  KM  distribution  function,  the  modal  diameter  of  the  LWC,  or  M^^,  distribution  is  given 
by  =  2.5  (Eq.  (17)1  and  is  usually  about  1.2  times  larger  than  Dj^.  Thus,  for  the  KM 
distribution. 


Do  =  3D;  pm. 


(89) 


The  droplet  size  distributions  of  the  multicylinder  method,  referenced  by  Atlas  and  Bartnoff. 
resemble  the  KM  distributions.  Therefore,  it  is  presumed  that  the  relation  of  Eq.  (89)  applies  to 
the  Atlas- Bartnoff  visibility  equation  as  well.  Departures  from  the  true  relations  should  be  rela¬ 
tively  minor. 

Thus,  establishing  comparability  of  droplet  size  among  the  previous  and  present  visibility 
equations  is  relatively  easy.  The  difficult  part  is  to  convert  the  present  equation  into  some  degree 
of  “best  correspondence”  concerning  matters  of  the  definition  of  maximum  “visibility/visual 
range"  limits,  of  extinction  ratio  and  of  the  normal,  to  be  anticipated,  “average  contrast"  of  objects 
viewed.  Proceeding  along  these  lines,  and  neglecting  truncation,  the  present  visibility  equation. 
[Eq.  (75)1.  may  be  rewritten  for  the  limit  of  discernment  seeing,  =  0.02,  as  assumed  by  all  the 
others,  to  obtain  the  equation  [Eq.  (77)  without  truncation] 


65.3  ln(l/e) 

k  M'”’3 


m  , 


(90) 


in  which  D^=  10pm  at  M  =  Ig  m’^  is  “built  into”  the  equation  as  its  “upper  tie  point.”  The  “M 
factor”  is  placed  in  the  denominator  for  ease  of  comparison. 

The  above  equation  still  contains  the  extinction  term,  k^.  and  the  contrast  term.  In  (l/e). 
which  do  not  appear  in  the  visual  range  equations  of  the  other  authors.  Consequently,  to  com¬ 
pare  equations,  we  must  assume  something  about  the  anticipated  values  of  the  factors. 

Johnson  (loc.  cit.)  argued  that  1  <  k  <  2,  so  a  rough  first  assumption  of  average  might  be  k^  = 
1.5.  This  applies  to  looking  in  the  “cross-solar"  direction.  For  looking  in  the  solar  direction,  an 
arbitrary  assumption  is  made  that  k^  =  3.5.  (The  value  should  be  smaller  in  the  anti-solar  direc¬ 
tion,  perhaps  about  2.0.) 

The  author  feels  that  an  average  contrast  value,  for  a  variety  of  objects  lying  around  a  360 
azimuth  sweep  at  a  typical  observing  site,  might  be  something  like  C  =  0.8. 
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When  these  k,  and  C  values  are  inserted  in  Eq.  (90). 


34.8 

MO.7:. 


m  . 


(91) 


when  looking  in  the  cross-solar  direction,  and 


14.9 

M<>w 


m  . 


(92) 


when  looking  closely  toward  the  sun. 

The  comparable  equations  of  the  other  authors,  when  the  size  conversions  of  Eqs.  (88)  and 
(89)  are  accomplished  for  a  value  of  10  pm.  become 

29.0 

V„  =  m  .  (93) 

M 


for  Richardson, 

12.5 

V,,  =  ni  ,  (94) 

M 


for  Stratton  and  Houghton,  and 

36.0 

M 

for  Atlas  and  Bartnoff. 

It  should  be  emphasized  that,  technically,  all  of  the  above  equations.  (91)  through  (95),  are 
equations  that  describe  discernment  rather  than  recognition  visibility. 

The  predictions  of  these  equations  are  compared  in  Table  1,  for  M  values  ranging  from  10  ^  to 
5  g  m^.  The  visibility  thresholds  defined  as  unlimited,  restricted,  and  “pilots’  decision  range"  are 
indicated  to  the  immediate  right  of  the  visual  range  tabulations  by  the  horizontal  black  "bars" 
identified  as  “U."  "R"  and  “D."  The  vertical  location  of  the  “bars,"  relative  to  the  tabulations,  has 
been  “semi-interpolated"  between  values  to  provide  a  more  accurate  representation  of  the  true 
locations  of  the  threshold  levels  within  the  table.  The  common  “tie  point"  for  all  equations  being 
compared,  of  M  =  1.0  g  m  \  is  noted  by  the  horizontal  strip  of  screening. 

The  table  reveals  that,  in  general,  and  irrespective  of  the  exact  methods  of  equation  determi¬ 
nation  by  the  different  persons,  there  is  a  reasonable  degree  of  harmony  among  predictions.  The 
predictions  do  not  differ  wildly,  by  orders  of  magnitude.  Rather,  they  differ  mostly  by  factors  of 
1.2-4  throughout  the  comparable  parts  of  the  table  (neglecting  present  concern  with  solar  ef¬ 
fects).  The  prior  equations  undoubtedly  served  the  operational  needs  of  weather-station 
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Table  1.  A  comparison  of  the  visibility  Eqs.  (91)  and  (92)  for  disc  ernment  viewing  with  those  of 
Richardson  (1919),  Stratton  and  Moughton  (1931)  and  Atlas  and  Bartnutf  ( 1953),  for  cloud  LWCs 
ranging  from  10  to  5  g  m  reference  text. 


Liquid 

KM  Distribution,  as 

Richardson 

Stratton- 

Atlas-BartnolT 

Water 

pertains  to  Discernment 

(1919) 

Houghton 

(1953) 

Content 

Visibility 

Equation 

(1931) 

Equation 

Looking 

Equation 

Cross  sun 

Solar  direction** 

V  = 

V  = 

V  = 

V  = 

V  = 

gm  ' 

n; 

m 

m 

m 

m 

5 

10.7 

4.60 

5.80 

2.50 

7.20 

2 

21.0 

8.98 

14.5 

6.25 

18.0 

1 

34.8 

14.9 

29.0 

12.5 

36.0 

5 

57.7 

24.7 

58.0 

25.0 

72.0 

.2 

1 13 

48.2 

145 

62.5 

180 

.1 

187 

80.0 

290 

125 

360 

.05 

310 

133 

580 

250 

720 

.02 

_D* 

259 

1450 

625  _o 

1800 

.01 

1000 

430 

2900 

1250 

3600 

— D 

.005 

1660 

713 

5800 

2500 

7200 

— R 

— R 

.002 

3250 

1390 

14.500 

6250 

18.000 

.001 

5390 

2310 

29.000 

12.500 

36.000 

— IJ 

— U 

5  X  10  ' 

8940 

3830 

58.000 

25.000 

72.000 

~R* 

— U 

2  X  10^ 

17.500 

7470 

62.500 

1  X  10^ 

28.900 

6660 

— R 

5  X  10 

48.000  _y* 

20.600 

2  X  10  " 

93,700 

40,100 

— U 

1  X  10-’ 

66.600 

_ 

*  "D"  signifies  a  pilot's  decision  range.  "R~  indicates  the  visibility  boundary  of  restricted/unre¬ 
stricted  and  ‘U"  symbolizes  unlimited  visibility. 

**  For  looking  in  the  anti-solar  direction,  multiply  these  listed  visibilities  by  2. 
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prediction  rather  well,  with  appropriate  compensation  by  the  indhadual  stations  ior  theory  versus 
reality. 

The  table  shows  that  the  Stratton-Houghton  equation  is  in  i^eneral  best  accord  with  the  Eq. 
(91)  predictions  herein. 

There  is  another  way  of  comparing  the  work  herein  with  that  of  previous  findings.  Consider¬ 
able  effort  was  expended  in  the  past  to  establish  the  characteristic  droplet  sizes  and  "visibilities" 
of  natural,  or  internationally-defined,  cloud  types.  This  information  is  available  for  comparison 
and,  in  fact,  can  be  exploited  for  immediate  application. 

The  typical,  average  droplet  radii  of  the  internationally-defined,  water-clouds  identified  in 
Table  2,  as  reported  by  Bricard  (1940)*^”.  Diem  (1942.  1948)*”  Borovikov  (1949)'’'.  Aufm  Kampe 
(1950)'*®,  Lewis  (1951)'’'^,  Atlas  and  Bartnoff  (1953*)“’®  and  Khrgian  and  Mazin  (1963)",  are  listed  in 
the  data  columns  of  the  table.  The  average  droplet  radius,  by  cloud  type,  for  all  investigators,  is 
shown  in  the  last  column  of  the  table.  (The  fact  that  any  single  investigator  did  not  report  all 
types  was  ignored  in  the  averaging,  hence  the  table  is  admittedly  biased  toward  those  who  did.) 

The  averages  of  the  table  reveal  a  distinct  upward  trend  of  droplet  radii  from  the  smaller/ 
thinner  natural  clouds,  that  we  intuitively  suspect  to  have  small  liquid  water  content,  toward  the 
larger/thicker  clouds,  in  which  we  anticipate  large  LWC. 

In  Table  3,  the  data  of  Table  2  have  been  converted  from  mean  radii,  f,  into  modal  diameter, 
using  the  equation 

D;  =  4/3  f  pm  ,  (96) 

which,  although  applying  strictly  to  the  KM  distribution  function,  is  also  presumed  to  apply 
approximately  to  the  multifarious  data  distributions  and/or  distribution  functions  used  by  the 
other  investigators. 

From  the  averages  of  Table  3,  the  corresponding  values  of  LWC  for  the  different  cloud 
types  were  computed  from  Eq.  (59)  reversed.  The  values  are  listed  in  the  last  column  of  Table  3.** 
From  these  LWC  values,  we  may  proceed  to  a  comparison  of  available  measurement  data  with 
available  equations. 

Aufm  Kampe  (loc.  cit.)  provided  aircraft-measured  values  of  visual-range  obtained  from  flight 
through  the  several  types  of  internationally-defined,  water  clouds  indicated  in  Table  4.  To  obtain 
his  range  measurements.  Aufm  Kampe  used  a  light  with  a  parallel  beam  that  was  mounted  on 
one  wing  tip  of  his  reasearch  aircraft.  A  receiver,  consisting  of  a  selenium  photronic  cell,  was 


•  The  Atlas-Bartnoff  (AB)  listings  of  f  in  Table  2  represent  a  “special  ease."  in  that  AB  provided  their  own  equation  for  f 
for  the  different  types  cf  natural  clouds.  Their  equation  and  tabulations  have  been  used  in  Table  2  and  the  author  has 
been  very  careful  not  t^’  violate  their  work. 

•*  A  question  might  be  asked  as  to  why  these  LWC  values  were  inferred  from  droplet  size  measurements  rather  than 
obtained  from  direct  LWC  measurements.  Rarely  did  previous  investigators  report  LWC  values  by  cloud  type.  and.  when 
they  did,  as,  for  example.  Borovikov,  et  al..  (1963)*’'  and  Lewis  (1947,  1951)  ’'”'^  the  values  were  presented  as  ranges  by 
altitude  within  the  clouds,  as  values  versus  cloud  temperature,  as  ranges  of  or  currence  frequency,  etc.  The  droplet  size 
data,  on  the  other  hand,  are  more  plentiful,  specific  and  Inistworlhy. 


Borovikov,  A.M.  (1949)  Nckotorye  rezul'taty  izucheniya  oblachnykh  elementov  (Some  results  of  a  sludv  of  cloud 
elements).  Trudy  Tsentral  Aerolog.  Obsu..  No.  3. 


Lewis.  W.  (1951)  Meteorlogical  aspects  of  aircraft  ic  ing.  Compendium  of  Meteorology,  Amer.  Meteor.  Soc..  Boston. 
1197-1203. 
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Table  2.  Average  droplet  radii  for  natural  cloud  types  as  reported  by  different  investigators. 


- - — '  - - 

Cloud 

Bricard®° 

Diem^® 

Boiwifcoi®* 

Aufm 

Lewis®^ 

Atlas- 

Khrgian- 

Average 

Type 

(1940) 

(1942, 

(1949) 

Kampe^"*^ 

(1951) 

BartnofP® 

Mazin'® 

by  Type 

1948) 

(1950) 

over  U.SA 

(1953) 

(1963) 

Typical 

Reference 

Average 

Text 

f 

f 

f 

f 

f 

f 

f 

f 

pm 

pm 

pm 

pm 

pm 

pm 

pm 

pm 

Cumidiform 

Fair  weather 

cumulus . Cu 

4.0 

7.8 

6.8 

4 

5.6 

Stratocumulus.Sc 

7.6 

8.2 

3.5 

5.4 

7.0 

5 

6.0 

Alto  cumulus.. Ac 

7.1 

7.1 

7.5 

6 

6.9 

Cumulus 

congestus . Cg 

7.8 

6.3 

9 

7.7 

StraLiform 

Stratus . St 

4.2 

6.0 

4.6 

6.5 

5.4 

6.9 

6 

5.7 

Alto  stratus... As 

5.6 

7.1 

7.5 

5 

6.3 

Ttanslucidus.." 

Opacus . " 

7.5 

Nimbostratus. .  Ns 

9.8 

6.0 

12.0 

6.1 

8 

8.4 

“  Bricard,  J.  (1940)  Nature  des  nuages  en  relation  aver  les  dimensionss  des  particules  qui  les  constituent.  C.R.  Acad. 
Sci.  Paris.  210.  148-150. 


Diem.  M.  (1942)  Messungen  der  grosse  von  wolkenelementen  I  (IVleasuring  the  size  of  cloud  elements).  Ann.  der 
Hydrogr..  Bd.  70. 


Diem.  M.  (1948)  Messungen  der  grosse  von  wolkenelementen  II  (Measuring  the  size  of  cloud  elements).  Met.  Rund..  Bd. 
1.  261-273. 


Borovikov.  A.M.  (1949)  Nekotorye  rezul'taty  izucheniya  oblachnykh  elementov  (Some  results  of  a  study  of  cloud 
elements).  Trudy  Tsentral  Aerolog.  Obsv..  No.  3. 

Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Mcteorol..  7:54-57. 


Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Meleorol..  7:166. 


“  Lewis.  W.  (1951)  Meteorlogical  aspects  of  aircraft  icing.  Compendium  of  Meteorology.  Amer.  Meteor.  Soc..  Boston. 
1197-1203. 


^  Atlas.  D..  and  Bartnoff.  S.  (1953)  Cloud  visibility,  radar  reflectivitv  and  drop-size  distribution.  J.  Meleorol..  10:143- 
148. 


Khrgian.  A.Kh..  and  Mazin.  I.P.  (1963)  Cloud  Physics.  Israel  Prog.  Sri.  Transl..  Jerusalem.  392  pp. 
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Table  3.  Typical  modal  diameters  for  natural  cloud  types  as  converted  from  the  original  data. 


Cloud 

Brlcard®“ 

DienP'*=« 

Borovikov®' 

Aufm 

Lewis®'* 

Atlas- 

Khrgian- 

Average 

Corres- 

Type 

(1940) 

(1942, 

(1949) 

Kampe*® 

(1951) 

BartnofP® 

Mazin®* 

by  Type 

ponding 

1948) 

(1950) 

cverU.SA 

(1953) 

(1963) 

KM  LWC 

Typical 

Reference 

i 

Average 

Text 

D. 

D. 

Dn 

Ds 

D. 

D. 

D. 

O's 

M 

Hm 

pm 

(im 

gm® 

Cumuliform 

Fair  weather 

cumulus . Cu 

10.4 

9.0 

5.3 

7.5 

.346 

Stratocumulus.Sc 

10.1 

7.2 

11.0 

wm 

9.4 

6.7 

8.0 

.439 

Alto  cumulus.  .Ac 

9.5 

10.0 

8.0 

9.2 

.736 

Cumulus 

congestus . Cg 

10.4 

8.4 

12.0 

10.3 

1.12 

Stratiform 

Stratus . St 

5.6 

8.0 

6.1 

8.7 

7.2 

9.2 

1 

8.0 

7.6 

.363 

Alto  stratus... As 

7.5 

9.5 

10.0 

6.7 

8.4 

.526 

Tianslucidus..  ” 

Opacus . 

10.0 

1.00 

Nimbostratus. .  Ns 

13.1 

1 

1  . 

8.0 

16.0 

8.1 

1 

10.7 

1 

11.2 

1.52 

Bricard.  J.  (1940)  Nature  des  nuages  en  relation  avec  les  dimensionss  des  particules  qul  les  constituent.  C.R.  Acad. 
Sci.  Paris.  210.  148-150. 


Diem.  M.  (1942)  Messungen  der  grosse  von  wolkenelementen  I  (Measuring  the  size  of  cloud  elements).  Ann.  der 
Hydrogr..  Bd.  70. 


“  Diem.  M.  (1948)  Messungen  der  grosse  von  wolkenelementen  II  (Measuring  the  size  of  cloud  elements).  Met.  Rund..  Bd. 
1,  261-273. 


Borovikov,  A.M.  (1949)  Nekotorye  rezul'taty  izucheniya  oblac  hnykh  elementov  (Some  results  of  a  study  of  cloud 
elements).  Tnidy  Tsentral  Aerolog.  Obsv..  No.  3. 


Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Meteorol..  7:54-57. 


Aufm  Kampe.  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere.  J.  Meteorol..  7:166. 


Lewis.  W.  (1951)  Meteorlogical  aspects  of  aircraft  icing.  Compendium  of  Meteorology.  Amer.  Meteor.  Soc.,  Boston. 
1 197-1203. 


Atlas.  D..  and  Bartnolf.  S.  (1953)  Cloud  visibilitv,  radar  reflectivity  and  drop-size  distribution.  J.  Meteorol..  10: 143- 
148. 


'  *  Khrgian.  A.Kh..  and  Mazin.  l.P.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Transl.,  Jerusalem.  392  pp. 
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Table  4.  Comparisons  of  visual  ranges  among  the  predictions  of  Atlas  and  BartnofT  (1953).  of 
Equations  91  and  92.  herein,  and  of  the  measurements  of  Aufm  Kampe  (1950) 


Visual  Range 

Cloud 

Average 

From  Equations 

Aufm  Kampe 

Atlas  and  Bartnoff 

Type 

LWC 

(91)  and  (92) 

Aircraft 

Reference  Text 

herein 

Measurements 

M 

V 

r 

V 

r 

Do 

K(n) 

V 

r 

gm^ 

m 

m 

pm 

N.D. 

m 

Cumuliform 

Hi 

Fair  weather  cumulus.. Cu 

19-76 

40 

15.4 

1.32 

59 

Stratocumulus . 

..Sc 

mg 

16-64 

100 

15.9 

1.91 

69 

Altocumulus . 

...Ac 

11-44 

17.0 

1.64 

39 

Cumulus  congestus.. 

...eg 

1.12 

8-32 

20 

14.3 

1.68 

21 

Stratiform 

Stratus . 

. St 

0.363 

19-73 

140 

15.7 

1.39 

60 

Alto  stratus . 

. As 

0.526 

14-56 

150 

17.0 

1  64 

53 

Translucldus . 

....As 

Opacus . 

...As 

1.00 

9-35 

17.0 

1.64 

29 

Nimbostratus . 

...Ns 

1.52 

6-26 

13.8 

1.72 

16 

mounted  on  the  other  wing  tip.  The  distance  between  transmitting  beam  and  receiver  was  16  m 
(52  feet).  He  used  a  moving  coil  galvanometer  for  a  sensor  and  with  computational  reference  to 
the  work  of  Koschmieder  (for  discernment  viewing  conditions)  he  deduced  the  visual-range  results 
shown  in  Table  4  (in  the  middle  column  under  “visual  range").  He  noted  that  engine  vibration 
caused  appreciable  uncertainty  in  his  calculations.  (Aufm  Kampe  failed  to  mention  how  he  handled 
the  problem  of  contrast  between  some  sort  of  “black  body  reference"  and  the  background.) 

To  compare  with  these  measurements  of  Aufm  Kampe.  we  seemingly  have  only  the  equation 
of  Atlas  and  Bartnoff  (loc.  cit.)  and  the  equations  presented  herein. 

Atlas  and  Bartnoff  developed  the  visual-range  equation.  Eq.  (85)  herein,  that  was  “partially 
discussed"  previously.  Although  they  concluded  that  K  =  1.2.  in  their  equation.'  was  the  best 
value  for  “clouds  of  all  types,”  they  also  provided  a  table  of  K(n).  or  K,  values  that  was  “type 
specific"  and  was  computed  in  three  different  ways.  The  author  has  concluded  that  the  column  2 
values  of  their  Table  5  are  the  most  descriptive  of  internationally-defined  clouds.  Atlas  and 
Bartnoff  did  not  provide  LWC  information  about  natural  cloud  types,  but.  this  is  understandable 
since,  as  the  author  has  noted,  such  information  is  extremely  difficult  to  obtain,  except  by  the 
indirect  methods  used  relative  to  Table  3. 

From  Table  3.  it  is  seen  that  the  “upper  tie  point  of  LWC,"  for  the  visibility  work  herein, 
namely  M  =  1.0  g  m'^,  lies  “somewhere  within"  the  natural  cloud  type  identified  as  nimbostratus 
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opaqus.*  From  this  assumption,  which  is  really  not  an  assumption  but  a  mere  acceptance  of  data 
findings,  the  visual  range  predictions  of  the  Atlas-Bartnoff  equation  lEq.  (85)  herein,  with  K  = 

K(n)l  can  be  determined  from  the  LWC,  D^,  and  K(n)  values  identified  in  Table  4.  Their  visual- 
range  results  for  natural  clouds  are  presented  in  the  last  column  of  the  table. 

The  visual-range  values  of  Eqs.  (91)  and  (92)  are  shown  in  the  first  column  of  the  table  sec¬ 
tion  thus  identified.  The  first  of  the  values  is  for  the  restrictive  situation  of  looking  in  the  solar 
direction  [Eq.  (92)1:  the  second  is  for  the  more  usual  situation  of  looking  “cross  sun”  (Eq.  (91)). 

The  table  reveals  fair  agreement  (to  within  about  ±  27  percent),  for  cumuliform  cloud  types, 
between  the  visual  range  predictions  of  Atlas-Bartnoff  (AB)  and  the  measurements  of  Aufm 
Kampe  (AK).  For  stratiform  cloud  types,  however,  the  AB  equation  appreciably  "underpredicts” 
the  AK  measurements  (by  about  -80  percent). 

The  Eq.  (91)  values  (neglecting  the  special  case  condition  of  looking  toward  the  sun)  are  also 
in  reasonable  agreement  with  AK  for  cumuliform  cloud  types  (to  within  about  ±  50  percent)  and 
agree  with  AB  (within  about  ±  22  percent).  But,  for  stratiform  cloud  types,  although  Eq.  (91) 
overpredicts  AB  (by  about  +  23  percent),  both  Eq.  (91)  and  that  of  AB  appreciably  underpredict 
AK  (by  about  -70  to  -80  percent). 

The  discussion  will  now  turn  to  consideration  of  how  information  about  visibility  can  be  used 
to  obtain  values  of  other  cloud  physics  quantities.  A  particular  example  has  been  selected,  as 
explained  in  the  following  section. 


9.3  Estimates  of  M  from  V— A  Consideration  of  Uncertainties.  Research  Needs  and  Ques¬ 
tions  of  Visibility  Definitions 

From  the  equation  listings  [Eqs.  (60)  through  (74)  in  Sec.  8).  it  is  seen  that,  in  theoiy,  it  is 
possible  to  employ  observations  or  measurements  of  visibility  to  deduce  the  line  integral  averages 
of  the  quantities.  N,  A.  M,  or  Z,  along  the  visibility  paths  from  the  observer  to  the  object(s)  seen. 

In  this  section,  the  particular  relation,  involving  the  estimation  of  M  from  V.  has  been  selected  as 
an  example  of  the  accuracies  to  be  expected  and  of  the  relative  contributions  of  the  several  uncer¬ 
tainty  terms  (indicating  where  research  efforts  are  needed).  As  a  serendipitious  “spinoff."  the 
example  also  reveals  an  aspect  of  visibi  i  '  theory  that  has  been  neglected  to  date. 

The  reader  who  is  not  especially  interested  in  the  mathematical  details  of  uncertainty  analy¬ 
ses  may  skip  to  the  discussion  following  Eq.  (120),  in  which  Table  5  is  explained,  and  the  results 
are  discussed. 

The  visibility  equation  of  the  present  report,  Eq.  (75),  becomes,  when  solved  for  M, 


M  =  47.3 


In  (1/e)  r„ 
Vk  r, 

<T  A 


1.37 


gm-3  . 


(97) 


If,  for  convenience,  we  define 


-r  _  v-i  37 

V 


N.D. 


(98) 


*  It  also  lies  “somewhere  within"  the  convective  cloud  type  "cumulus  congestus."  but  the  author  prefers  to  relate  his 
reference  to  the  homogeneous,  time-stable,  cloud-type  "Ns  opaqu.s."  rather  than  to  the  non-homgeneous.  time-variable 
type  "Cg." 
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to  be  the  visibility  term. 


T^  =  Iln{l/€)l'- 


to  be  the  contrast  term. 


T  =  k 

E  a 


to  be  the  extinction  term,  and 


T  = 

T 


N.D. 


(99) 


N.D. 


(100) 


N.D. 


(101) 


to  be  the  truncation  term,  then  Eq.  (97)  may  be  modified  to 


M  =  47.3 


gm 


(102) 


where  all  necesscuy  conversion  units  are  carried  in  the  constant  “47.3." 

For  uncertainty  (error  bound)  estimation,  Eq.  (102)  may  be  totally  differentiated  to  obtain 

aM  aM  aM  aiw 

dM  = - dT„  +  - —  dT,  +  ^  dT,  +  - —  dT^,  g  m  ^ .  (103) 


ar^  ''  ar^  "  ar^  ^  ar,. 


This  may  also  be  written,  in  terms  of  decimal  (percentage)  uncertainty,  as 
dM  aM  dTy  aM  dTc  aM  dTp  aM  dT^ 


M  ar,  T,  ar,  t,  ar^  ar^  t.^ 


N.D.  . 


(104) 


where  M  is  the  average  veilue  of  M  from  Eq.  (102). 

The  right  hand  terms  of  the  above  equation  are.  respectively,  from  Eqs.  (98)-(102), 


aM  dT„ 

—  -^=-1.37  V 


aM  dT^ 

—  ^=1.37  (In  (l/e))'’ 
aTp  Tp 


aM  dTp 

—  -1.37  k 

3T,  Tp 


N.D.  . 


N.D. 


N.D. 


(105) 


(106) 


(107) 


and 


aM  dT.^ 

—  1.37  (r„/rj°37 

ar.,  T.p 


N.D. 


(108) 
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Hence,  Eq.  (104),  written  in  finite  difference  terms,  becomes 


AM 

M 


1.37 


_V  2  37  _  + (In  (1 /€))<> '7 

Tv 


k 


gm^  . 


(109) 


This  is  the  uncertainty,  or  “error  bounds,"  equation  thai  applies  to  the  estimate  of  M  values 
from  observations  or  measurements  of  recognition  visibility.  Such  estimates  can  also  be  obtained 
for  discernment  visibility  but  are  not  considered  here. 

The  average,  expected,  values  of  contrast  and  extinction -ratio  (not  looking  in  the  solar  or 
anti-solar  directions)  were  stated  before  in  the  report.  Hence,  when  the  contrast.  In  (l/€)  =  0.8 
and  k ,  =  1.5  are  introduced  into  Eq.  (109). 


AM 

-  =  1.37 

at, 

_V  2  37  -  ^  0  92 

AT, 

AT, 

-0.38 - + 

,:.7 

M 

T 

*  V 

Tc 

T, 

The  average  values  of  In  (1  /e)  and  k^  just  cited  result  in  values  of  T^^.  =  0.74  and  T^  =  0.57, 
from  Eqs.  (99)  and  (100).  This  enables  a  further  simplification  of  Eq.  (110)  to 


AM 

M 


1.37 


ATv 

_V  2  37  _  +  1  27  AT,  -0.67  AT  + 

1  V 


N.D.  .  (Ill) 


We  now  consider  the  important  uncertainty  terms.  AT^.  AT^,.  AT^..  and  AT,^.  of  this  equation. 
From  previous  discussion  and  our  present  state  of  knowledge,  these  may  be  estimated  as  follows, 
where  the  estimations  are  described  to  the  extent  required  for  each. 

The  visibility  uncertainties  of  Eq.  (Ill)  are  range-visibility  dependent.  They  are  assumed  to 
obey  the  approximate  equation  relationship. 


AV  =  ±  0.2  V  m.  (112) 

This  equation  relates  to  our  common  visibility  experience.  It  implies,  for  example,  that  a 
research  person,  working  with  a  cloud  chamber  of  15  foot  dimension,  can  detect  visibility  changes 
to  within  ±  4  feet.  It  implies  that  a  weather  observer,  at  an  airport  station,  can  differentiate  be¬ 
tween  a  visibility  of  1/8  mile  (660  feet)  and  1/16  mile  (330  feet).  It  means  that  an  aircraft  pilot, 
flying  at  his  IFR  decision  range  of  2000  feet,  approaching  an  “obscured”  airport  to  land,  has 
nervous  concerns  about  landing,  because  he  knows,  mentally,  that  the  seeing  situation  has 
uncertainties  of  about  ±  400  feet.  It  means  that  a  synoptic-scale  weather  observer  can  only 
predict  the  defined  boundary  of  “restricted  visibility."  6  miles,  to  within  ±  1.2  miles,  or  the  semi- 
defined  boundary  of  “unlimited  visibility."  30  miles,  to  within  ±  6  miles. 

These  visibility  examples  of  uncertainty,  with  which  the  reader  may  or  may  not  concur, 
should  roughly  describe  everyday  experiences  in  seeing,  decision,  and  prediction. 

In  view  of  the  above,  and  Eqs.  (98)  and  (112).  the  uncertainty  term.  ^T^.  of  Eq.  (Ill),  becomes 

ATy  =  -1.37V2’7  aV  =  ±.274V'’^  m.  (113) 
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The  other  uncertainty  terms  of  Eq.  (1 12)  do  not  share  the  projjerty  of  being  range-visibility 
dependent. 

The  uncertainties  of  contrast.  In  (1/e),  can  probably,  with  diligence,  be  estimated  to  about 
±  0.2,  such  that  AT^,,  of  Eq.  (1 12),  becomes 

AT^  s  ±  0.274  (In  ( 1  /€))«  ^^ .  (114) 

working  through  Eq.  (99). 

The  extinction  ratio,  k^,  again  assuming  that  viewing  avoids  the  solar  or  anti-solar  directions, 
should  be  estimable  to  ±  0.2  (or  better,  with  a  bit  of  theoretical  effort).  Hence. 

AT^  =  ±  0.274  k/2  3^  (115) 

from  Eq.  (100). 

The  truncation  uncertainty  AT^  really  doesn't  exist,  if  viewing  is  performed  by  human  beings. 
Humans  have  sufficient  “bandwidthls)"  in  their  seeing  abilities  to  trivialize  such  problems.  How¬ 
ever,  when  instruments  are  used  to  measure  visibility,  truncation  limits  and  uncertainties  can  be 
important.  For  the  moment,  it  is  assumed  that 


AT,  =  0  . 


When  these  uncertainty  values  of  Eqs.  (1 13)-(1 16)  are  substituted  in  Eq.  (Ill), 


AM 

M 


=  1.37 


0.274  V  ' 

± - = - ±  0.348  (In  ( 1/6)1"  ’^  ±  0. 184  k  ^ 


N.D.  . 


or.  from  Eq.  (98),  and  since  In  (1/e)  =  In  (1/e)  =  0.8  and  k,  =  k,  =  1.5, 


AM 

=  ±  0.375  V  2  37+  0.439  ±  0.0964  N.D.  . 
M 


(116) 


(117) 


(118) 


This  is  the  decimal  (percentage)  uncertainty  equation  pertaining  to  the  estimation  of  LWC 
from  the  visibility  equation.  Eq.  (75),  of  the  present  report. 

For  the  average  values  previously  mentioned,  and  from  Eqs.  (98)-(100),  =  V  ‘  37.  =  0.737, 

Tp  =  0.574  and  T.^  =  1.0.  When  these  values  are  introduced  into  Eq.  (102),  the  average  value  of 
LWC  is  given  by 

M  =  20.0  V‘37  gm3.  (119) 

To  be  very  specific,  M  is  the  path  integral  average  of  liquid  water  content  along  the  line  of  sight. 

Equation  (119)  may  be  inserted  into  Eq.  (118)  to  obtain 

AM  =  ±  7.5  V-3  24  +  8.78  V  ‘  ’7  ±  1.93  V  '  >7  g  m  '  (120) 

which  is  the  equation  for  the  absolute  uncertainties  of  M. 
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Values  of  M  (center  column),  of  the  decimal  uncertainties  (left  hand  columns)  and  of  the 
absolute  uncertainties  (right  hand  columns),  as  computed  from  Eqs.  (1 18)-(120),  are  listed  in 
Table  5.  Four  visibility  situations  are  considered  in  the  table  and  the  situations  are  tabulated  in 
the  order  of  increasing  range,  or  visibility.  These  are  the  same  situations  mentioned  earlier,  now 
being  examined  in  detail  relative  to  estimates  of  M. 

It  is  seen,  first  of  all,  from  the  total  of  the  decimal  uncertainties,  that  the  M  estimates  from 
observed  or  measured  visibility  are  about  ±0.55  (±  55  percent)  uncertain  at  all  ranges.  This 
capability  can  be  exploited,  now,  from  current  observational/measurement  techniques.  The 
uncertainties  might  seem  large  to  the  reader  but  it  must  be  emphasized  that  they  are  not  factors 
of  2,  or  5  (such  as  are  common  in  radar  meteorology)  nor  are  they  orders  of  magnitude,  as  might 
have  been  suspected  prior  to  the  current  investigation.  The  M  values  are  eminently  useful  even  in 
view  of  the  uncertainties. 

The  second  thing  the  table  demonstrates  is  that  the  contrast-component  contributes  about 
80  percent  to  the  total  uncertainty.  This  tells  us  immediately  that  it  is  here  where  research  efibrt 
ought  to  be  concentrated  to  improve  the  M  vs  V  estimates.  Research  work  in  diffraction  theory 
can  also  reduce  the  uncertainties  of  the  extinction  term,  as  mentioned  earlier.  It  would  seem  that 
such  efforts,  even  minimum,  could  quickly  reduce  the  M  uncertainties  from  the  present  ±  55 
percent  to  perhaps  about  ±  30  percent.  No  LWC  instrument  now  in  existence  can  even  begin  to 
approach  these  measurement  accuracies,  expecially  for  very  small  values  of  LWC. 

It  is  difficult  to  understand  the  finding  that  the  AV  uncertainties  of  visibility  assumed  relative 
to  Eq.  (1 12)  (which,  “on  the  surface,”  would  appear  to  be  a  reasonable  assumption),  should 
contribute  so  slightly,  termwise,  to  the  total  uncertainties  of  Eqs.  (118)  and  (120)  as  listed  in 
Table  5.  The  explanation  lies,  of  course,  in  the  large  negative  exponent  on  V  that  appears  in  the 
first  term  of  Eq.  (117).  But.  the  finding  is  “bothersome.”  It  would  seem  that  some  aspect  of  visibil¬ 
ity  theory  that  is  important  to  understanding  may  have  been  neglected. 

This  “aspect,"  in  the  authors'  opinion,  is  a  consideration  of  the  visibility  situation  of  a  per¬ 
fectly  clear  day  devoid  of  any  cloudy  obstructions.  How  do  we  consciously  or  unconsciously  define 
“visibility"  on  such  day?  The  visibility  equations  developed  herein  do  not  tell  us.  yet  this  is  a  very 
important  “limiting  case"  that  may  enhance  our  knowledge. 

The  matter  is  explored  in  the  following  section. 

9.4  Discernment  and  Recognition  Ranges,  Corresponding  Visibility  Elqvations  and 
Summary  of  Visibility  Findings 

There  are  four  quantities  that  are  obviously  involved  in  the  “recognition"  of  an  object  under 
clear-air  conditions: 

1.  the  size  of  the  object  viewed, 

2.  the  range  from  which  it  is  viewed, 

3.  the  contrast  of  the  object  relative  to  its  immediate  surroundings. 

4.  the  detailed  features  that  exist  on  or  are  a  part  of  the  object  (shape,  protuberances, 
depressions,  holes,  marks,  lettering,  etc.)  the  viewing  of  which,  at  some  subjective  “level  of 
detail"  is  regarded  as  “recognition."* 

*  There  is  a  fifth  quantity  that  is  also  involved  here.  This  is  a  loss  of  resolution  due  to  optical  aberralion  (sc  intillation) 
caused  by  atmospheric  turbulence,  which  is  highly  dependent  on  the  time  of  dav.  location  and  line  of  sight.  The  efiec  ts  act 
to  reduce  contrast:  hence  reduce  visibility. 
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The  equation  that  describes  the  “recognition  range"  is 


R^  =  Csfln(l/€)  m.  (121) 

where  s  is  the  object  size,  in  meters.  In  (1/e)  is  the  contrast,  [following  Koschmieder  (loc.  cit.)] 
non-dimensional,  f  is  the  “feature  ratio."  non-dimensional,  and  C  is  a  constant  to  be  evaluated, 
also  non-dimensional.  The  equation  is  logical  in  that  is  anticipated  to  increase  directly  with 
increasing  object  size  and  contrast.  The  logic  of  the  direct  dependence  of  on  f  will  be  explained. 

Equation  (121)  is  “object  specific,"  which  means  that  we  must  have  selected  the  object,  know 
its  size  and,  most  importantly,  know  its  feature  details,  as  parameterized  by  f,  and  its  contrast, 
relative  to  background. 

The  feature  ratio  f  is  the  ratio  of  feature  size  to  object  size.  Thus, 

f  =  -^  N.D.  .  (122) 

s 

where  s^  is  the  feature  size  (or  an  average  or  predominant  size). 

The  value  of  f  varies  from  its  maximum  value  of  1 .0,  when  feature  size  equals  object  size,  to 
some  small  value  that  could  even  approach  zero,  such  as  in  the  case  of  visually  examining  the 
grain  structure  of  a  rock  to  identify  its  geological  classification  (without  microscope).  However,  in 
common  visibility  experience,  the  actual  f  values  should  seldom  be  smaller  than  about  0. 1  or  so. 
This  implies  that  the  feature  sizes  required  for  recognition  would  be  larger  than  one  tenth  the  size 
of  the  object. 

An  f  value,  larger  than  0. 1  does  exist,  however,  that  would  reflect  a  “level  of  detail"  (or  f  value) 
that  we  commonly,  but  unconsciously,  use  in  our  everyday  involvement  with  “recognition.”  Such 
average,  typical  f-value,  of  consensus  agreement,  can  be  determined  (as  will  be  demonstrated). 
Thus,  f,  in  Eq.  (121),  would  be  a  constant  for  “general  viewing"  but  would  be  a  variable,  when 
describing  “particular  situations." 

The  logic  of  the  direct  dependence  of  R„  on  f,  in  Eq.  (121).  now  becomes  apparent.  The  rela¬ 
tion  says  that  increases  in  the  feature  size(s)  of  an  object  (increases  in  the  f  values)  will  result  in 
corresponding  increases  in  the  recognition  range. 

To  obtain  approximate  information  about  the  discemment/recognition  ranges  and  feature 
ratios  Involved  in  clear-air  visibility,  the  author  conducted  a  series  of  paperwork  exercises  and 
experiments  to  estimate  the  values  for  various  situations. 

The  situations  considered  included  cases  of  the  discernment  and  recognition 

1 .  of  insects  versus  other  insects  or  small  objects, 

2.  of  a  cat  versus  a  skunk  versus  a  rock,  and  analogous  cases, 

3.  of  coin  types  contrasted  against  various  backgrounds, 

4.  of  a  known  person  versus  another. 

5.  of  a  human  being  versus  other  similar-size  animals  or  objects. 

6.  of  a  buck  deer  from  a  doe — the  hunter's  problem, 

7.  of  a  road  sign  on  the  highway  or  in  a  city. 
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8.  of  various  objects  seen  ahead  while  driving  on  a  highway, 

9.  of  objects  viewed  downward  from  a  tall  building. 

10.  of  various  types  of  aircraft  flying  aloft, 

1 1 .  of  various  types  of  ships  observed  from  the  seashore. 

12.  of  one  city  building  from  another  observed  from  the  ground. 

13.  of  one  particular  mountain  from  another  observed  from  the  ground, 

14.  of  a  city  feature  observed  from  an  aircraft  or  space  vehicle, 

15.  of  smaller  features  on  the  moon  as  opposed  to  larger  features,  as  observed  from  the  earth 
(without  telescope), 

all  of  these,  plus  other  cases.* 

From  these  subjective  exercises,  two  ratio  quantities  were  determined  and  “compensated"  for 
the  important  effects  of  contrast.  For  example,  one  may  assume  that  contrast,  no  matter  what  its 
value  might  be  in  a  given  situation,  will  be  approximately  the  same  for  both  discernment  and 
recognition  visibility.  Moreover,  one  can  deliberately  (in  the  exercises)  silhouette  objects  against  a 
sky  or  other  background  of  one's  “mental  choosing"  and/or  “adjust”  a  poor  contrast  condition 
into  conformance  with  the  optimum  contrast  value  of  In  ( 1  /e)  =  1 .0. 

The  discernment  ratio,  R,)/s.  is  by  far  the  easier  of  the  two  ratios  to  assess.  It  was  found,  from 
the  exercises,  that  the  ratio  had  the  approximate  value 

R^,/s  =  3300  N.D.  .  (123) 

with  an  estimated  subjective-departure-uncertainty  of  about  ±  30  percent**. 

The  recognition  ratio,  R^/s.  was  found  to  have  the  approximate  value 

R,ys=l200  N.D.  .  (124) 

with  an  estimated  subjective-departure-uncertainty  of  about  ±  50  percent. 

It  follows  from  the  approximations  (123)  and  (124)  that 

R„  =  2.8R^.  (125) 

in  any  consistent  length  units  of  choice. 

The  approximate  value  of  C,  in  Eq.  (121),  can  now  be  ascertained  from  Eqs.  (123),  (124),  and 
(125). 

As  mentioned  earlier,  the  value  of  f,  in  Eq.  (121),  assumes  its  maximum  value  of  f  =  1.0  when 
the  feature  size  of  objects  equals  the  “bulk  size”  of  the  objects  themselves.  Expressing  this 


•  The  author  will  not  attempt  to  dcseribe  these  "diseernment  arid  reeojiJnition  exerrises"  beyond  staling*  that  they 
occupied  his  time  over  many  days.  Me  considered  each  case,  individually,  in  fair  depth,  as  objectively  as  possible,  before 
drawing  conclusions  about  the  specific  cas<*.  lie  also  resorted  to  maps,  personal  measurements  and  experiments.  Journal 
and  media  items  and  just  plain  "common  sense."  in  his  attempts  to  convert  the  subjectivity  of  our  universal  viewing 
experiences  into  some  form  of  "quantitivity." 


•*  The  constant  here  has  a  value  close  to  the  visual  acuity  limit  (of  optical  theory)  for  distinguishtng  two  black  points  on 
a  white  background  as  opposed  to  seeing  them  as  one  blended  point.  Thompson,  (Harper  and  Row,  NY.  NY.  32nd  Kdition). 
The  limiting,  solid  angle  oi  view  is  1/60  =  0.000291  radian,  for  whir  h  the  above  constant  would  be  3440. 
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another  way  that  is  equally  true  (but  not  precisely  the  same),  when  f  =  1.0.  an  object  may  be 
“discerned”  by  its  bulk  size  but  it  cannot  be  “recognized"  by  its  features.  Thus,  for  "discernment 
visibility  in  clear- air,"  Eq.  (121)  becomes 

Ry  =  C  s  In  (1/e)  m  .  (126) 

which,  solved  fo.  is 

Ri, 

C=  - -  N.D.  (127) 

sin  (1/e) 

If  the  discernment  range  of  Eq.  (123)  is  substituted  into  this  equation,  and  if  the  contrast  is 
assigned  its  maximum,  r^erence  value  of  In  (1/e)  =  1.0. 

C  =  3300  N.D.  (128) 

On  the  introduction  of  this  value  into  Eq.  (121), 

R„=  3300  s  fin  (1/e)  m.  (129) 

which  is  the  approximate  general  equation  defining  the  recognition  range  of  objects  in  terms  of 
object  size,  feature  details,  and  contrast.  This  is  the  Jirst  of  the  final  equations  that  will  be  illus¬ 
trated. 

When  f  =  1 .0,  in  the  above  equation,  it  reduces  to  the  approximate  general  equation  that 
defines  the  discernment  range  of  objects  viewed,  that  is. 


R,^  =  3300  s  In  (1/e)  m. 


(130) 


This  is  the  second  final  equation  to  be  illustrated. 

The  reader  will  intuit  that  there  is  an  implied  "f  value."  in  Eq.  (129).  that  corresponds  to  the 
author's  work  on  his  “discemment/recognition  exercises."  Indeed  there  is.  and  this  value,  from 
Eqs.  (123)  and  (124),  with  reference  to  Eq.  (129).  has  the  approximate  va!ue 


f  = 


0.36  N.D.  , 


(131) 


which  means  that  the  recognition  of  an  object  under  "average"  viewing  conditions  requires  that 
the  features  of  the  object  should  be  roughly  one  third  the  overall  size  of  the  object.* 

The  three  approximate  equations.  Eqs.  (123),  (124).  and  (131).  are  obviously  interrelated  and 
all  were  considered  in  the  recognition  exercises,  together  with  Eq.  (121).  It  should  additionally  be 
noted  that  the  feature  ratio  of  recognition  is  not  completely  divorced  from  contrast  differences 
that  also  enable  recognition,  particularly  color  contrasts  (for  example,  recognizing  various  kinds 
of  birds,  or  a  wheat  field  from  a  com  field  observed  from  a  space  vehicle,  etc.). 


*  From  optical  theory,  for  the  deFinition  of  20/20  vi.sion,  f  =  0.20. 
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To  summarize  “ndings  to  this  point,  Eq.  (126)  provides  information  about  the  "discernment 
range"  of  objects  viewed  in  clear  air  and  Eq.  (129)  provides  information  about  the  "recognition 
range"  of  the  objects.  Both  equations  are  “object  specific"  and  the  discernment  range  for  equiva¬ 
lent  contrast  conditions  is  2.8  times  greater  than  the  recognition  range  *  ITie  values  of  the  con¬ 
stants  are  approximate,  but  useful  nonetheless. 

We  may  now  consider  how  the  discernment  and  recognition  ranges  can  be  defined  for  cloudy 
situations  of  the  atmosphere,  for  which  clear-air  viewing  become  special  limiting  cases  of  maxi¬ 
mum  discernment  visibility  and  maximum  recognition  visibility.  It  is  necessaiy.  symbolically,  in 
equations  and  in  practice,  to  differentiate  between  clear- air  \newing,  which  will  be  referred  to  in 
terms  of  range  (as  has  been  the  case  thus  far),  and  cloudy  viewing,  which  will  be  referred  to  and 
symbolized  in  terms  of  visibility,  with  being  the  discernment  visibility  and  V  being  the  recogni¬ 
tion  visibility.  (Trie  terms  "range"  and  "visibility,"  here,  are  interchangeable,  since  visibility  is  a 
range  quantity.) 

A  “tie"  (or  “tie  point")  may  be  established  between  the  clear-air  Eq.  (130)  written  for  the  maxi¬ 
mum  discernment  range  (In  l/e  =  1.0),  that  is. 


R,,  =  3300  s  m 

and  the  equation  for  the  maximum  discernment  visibility 
46.8  r 

V  = _ — 

IVT'^'^r, 

A 


(132) 


(133) 


which  stems  from  Eq.  (76)  multiplied  by  2.8  (reflecting  the  finding  herein  ol  e .  =  0.06.  not 
Koschmieder's  €„  =  0.02  of  theoretical  perfection — see  footnote,  this  page)  and  also  written  for 
In  (l/e)  =  1.0.  Eq.  (133),  of  course,  incorporates  the  distribution  function  of  Khrgian  and  Mazin. 

The  next  step  involved  in  the  specification  of  a  “tie  point"  between  clear  and  cloudy  \isibilily 
requires  a  definition  of  "clear-air."  Fortunately,  such  a  definition  has  already  been  provided  in  the 
form  of  the  visibility  condition  called  "unlimited.”  Consequently,  clear-air  visibility  exists  when  the 
maximum  discernment  visibility,  1^,.  of  Eq.  (132),  is 


Rjj  =  30  miles  =  48.300  m  . 


(134) 


This  means,  from  Eq.  (133).  neglecting  truncation,  that,  when  V  =  R  . 

an  an 

M^=  7.43x10'’  gm*.  (135) 


•  In  Section  6.2,  Eq.  (55),  it  was  demonstrated  that  the  "vi.sual  ranges'  for  diset  rnment  viewing  were,  from  the  worlc  of 
Koschmieder  (loc.  eit,).  3.91  times  larger  than  the  visibilities  for  reeognition  viewing.  Tlie  work  herein  indieales  that  the 
difference  factor  is  2.8.  not  3.91 .  Ko.schmieder  staled  that  his  "threshold  of  pcrlccl  contrast"  value  of  f  was  =  0.02.  for 
which  In  ( 1  /ej  =  3.91 .  The  work  herein  implies  that  the  "threshold  of  common  c.xjx’rieiicc"  (not  the  theoretically  perfe<  l 
condition  of  Koschmieder)  is  afipro.ximately  t  =  0.06,  for  which  In  (l/e J  =  2.8.  I'his  corresponds  precisely  to  l)ie  r  =  0.06 
value  determined  by  Houghton'’’  (1939),  The  entire  subjec  t  of  reference  values  h;is  been  discussed  in  Section  9.2  atid 
will  not  be  rediscussed  here. 


Houghton.  ff.G.  (1939)  On  the  relation  between  visibility  and  the  constitution  of  ckiiids  and  fog.  J.  Acr.  .Sri..  6:408- 
411. 
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where  M^.  is  ihe  LWC  (or  the  mass  content  of  aerosols,  or  a  combination)  that  dejines  the  clear-air 
state.  It  also  means  that  the  size  of  the  object  being  viewed  at  this  range  is 

Sj  =  14.6  m,  (136) 

from  Eq.  (132). 

The  effect  of  the  introduction  of  s  into  the  equations  for  cloudy  visibility  will  be,  in  essence,  to 
“modify”  the  liquid  water  content  entering  Eq.  (133)  from  M  to 

M„,^,  =  KMs'^^  gm^.  (137) 

The  constant,  K,  as  determined  from  the  “clear-air  tie  point,"  at  which  =  M  and  s  = 

14.6  m.  is 


K  -  14.6‘  37  =  39.4  . 


(138) 


which  permits  Eq.  (137)  to  be  written  as 


=  39.4  M  s  '  37  g  m-3  . 


(139) 


If  this  equation  is  introduced  into  Eq.  (133),  with  replacing  M, 

V  46.8  r^  3.20  s  r^  ^ 

~  (39.4  M  s-'  37)0  73  IVjo  73 


(140) 


which  is  the  defining  equation  for  the  maximum  discernment  visibility. 

This  equation  may  be  tested  for  authenticity.  Thus,  at  the  clear-air  tie  point,  s  =  14.6  m  and 
M  =  7.43  X  10  and  the  equation  reduces  to  =  48.270  r^/r^  m.  which  is  correct,  within 
roundoff.  For  a  LWC  of  M  =  0.01  g  m  ’  (a  dense  cloud  or  fog)  and  an  s  =  0.3  m  (1  ft),  the  equation 
predicts  a  maximum  discernment  visibility  of  8.6  m  (28  ft).  Although  this  does  not  constitute 
proof  of  equation  validity,  per  se,  it  certainly  emphasizes  that  the  equation  functions  in  a  “proper 
fashion."  (It  is  difficult  to  establish  irrefutable  proof  of  validity  when  dealing  with  a  clear-air 
equation  under  cloudy  circumstances.) 

The  development  of  the  other  visibility  equations  for  discernment  and  recognition  proceeds 
rapidly  following  the  development  of  Eq.  (140). 

By  introducing  the  contrast  and  extinction -ratio  terms  into  Eq.  (140). 


V 


D 


3.20  Sind  A) 
k  M0  "3r 

fT  A 


m  . 


(141) 


which  is  the  general  equation  for  discernment  visibility  (as  opposed  to  maximum  discernment 
visibility).  This  is  the  third  equation  to  be  illustrated. 
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By  recalling  that  the  maximum  recognition  visibility  is  2.8  times  smaller  than  the  maximum 
discernment  visibility,  [see  the  footnote  on  page  57  following  Eq.  (135)1.  Eq.  (140)  converts  to 


V  = 


in 


^>5sr, 

A 


m  . 


(142) 


By  introducing  the  contrast,  extinction-ratio  and  feature-ratio  terms  into  this  equation 


1.15  fs  In  (l/e)  r„ 

V=  - -  m  . 

k  M«  ^-'r^ 

*T  A 


(143) 


which  is  the  general  equation  for  recognition  uisibility.  This  is  the  fourth  and  last  of  the  equations 
to  be  illustrated. 

Because  of  the  complexity  of  the  final  visibility  results,  the  remainder  of  this  section  is  orga¬ 
nized  in  a  very  definite  fashion  that  must  be  explained. 

First,  it  is  necessary  to  present  nomograms  that  illustrate  the  properties  of  the  four  final 
visibility  equations.  [Eqs.  (129),  (130),  (141),  and  (143)].  These  properties  and  their  interrelation¬ 
ships  among  the  different  equations  simply  cannot  be  described  in  words.  For  instance,  consider 
that  Eq.  (143)  is  an  equation  of  six  unknowns  (neglecting  truncation),  or.  equivalently,  it  has  “six 
degrees  of  freedom”  or  represents  a  domain  of  six  dimensions.  Any  attempted  description  of  such 
equation  relative  to  the  others  mandates  the  use  of  nomograms  plus  words. 

The  table  and  figures  summarizing  the  nature  of  the  final  equations  are  presented  in  a  delib¬ 
erate.  sequential  order  and  they  are  placed  in  this  order  in  the  last  pages  of  the  section,  following 
the  text  and  before  the  beginning  of  the  next  section  concerning  radar/lidar  meteorology.  A 
summary  table.  Table  6,  is  presented  first.  This  outlines  the  types  of  visibility  equations  that  have 
been  developed,  indicates  the  pertinent  equation  numbers  and  refers  to  the  nomograms  (by  figure 
number)  where  the  equation  properties  are  illustrated.  Moreover,  the  table  reveals  how  the  equa¬ 
tions  become  simplified  with  the  assumption  of  average,  typical  conditions  of  visibility  and  how 
they  become  further  simplified,  to  their  elementary  states,  with  the  specification  of  a  fog  or  cloud 
of  a  given  LWC. 

Following  the  summary  table,  the  descriptive  diagrams/nomograms  are  presented  in  an  order 
that  proceeds  generally  from  viewing  conditions  of  largest  range  (discernment  in  clear  air)  to 
viewing  conditions  of  smallest  range  (recognition  in  cloudy  air).  Two  versions  of  each  diagram/ 
nomogram  are  offered,  one  scaled  in  meters  and  kilometers,  for  research  purposes  and  users  of 
the  metric  system  of  units,  and  another,  scaled  in  inches,  feet,  and  miles,  for  Americans  schooled 
in  the  British  system  of  units. 

The  diagram(s)  of  Figures  1 1  (or  12)  illustrate  the  viewing  situation  of  discernment  in  clear  air. 
from  Eq.  (130).  The  only  thing  that  acts  to  modify  this  situation  (other  than  the  size  of  the  object) 
is  the  contrast  between  the  object  viewed  and  its  immediate  surroundings.  The  nomogram(s)  of 
Figures  13  (or  14)  reveal  the  situation  of  object  recognition  in  clear  air.  from  Eq.  (129)  using  an 
average  f  =  0.36,  corresponding  to  Eq.  (131).  Here,  in  addition  to  object  size  and  contrast,  the 
average  feature  details  of  objects  viewed  have  been  incorporated  in  the  nomograms. 
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The  nomograms  of  Figures  15-18  illustrate  situations  of  viewing  in  cloudy  air*.  With  clouds 
present,  the  extinction  ratio  of  the  water  droplets  becomes  a  factor  of  visibility  reduction  that  is 
nonexistent  in  clear  air.  Moreover,  the  number  concentration  and  size  distribution  of  the  droplets 
become  important.  These  factors  have  been  parameterized  herein  through  use  of  the  Khrgian- 
Mazin  distribution  function  and  have  been  incorporated  into  the  constant  and  the  LWC  term  of 
Eqs.  (141)  and  (143).  Additionally,  just  as  in  clear-air  viewing,  object  size  and  contrast  are  the 
major  factors  of  discernment  under  cloudy  circumstances  and  recognition  visibility  is  reduced, 
relative  to  discernment  visibility,  by  the  value  of  the  feature  ratio  that  one  chooses  to  define  as 
recognition.  The  ratio  is  assumed  to  be  0.36  in  the  nomograms  of  Figures  15-18. 

The  diagrams  of  Figures  1 1  and  12,  for  clear-air  discernment,  and  those  of  Figures  13  and 
14,  for  clear- air  recognition,  require  no  instruction. 

The  nomograms  for  cloudy  visibility  (of  discernment  and  recognition),  of  Figures  15-18, 
contain  extra  “parts”  that  incorporate  the  extinction-ratio  term,  at  the  lower  right,  and  the  s 
versus  M  relation  of  Eq.  (140)  at  the  left.  All  “diagram  parts"  of  these  nomograms  are  entered 
orthogonally  with  the  specific  quantities  that  are  important  to  visibility.  At  the  crossing  point(s)  of 
the  orthogonal  lines,  tracing  proceeds  along  the  sloping  tracing  lines  into  the  next  “diagram  part,” 
or  into  the  “main  visibility  diagram”  located  at  the  upper  right.  (The  procedure  is  akin  to  the 
more-or-less-standard  technique  of  a  computer  programmer,  who  “breaks  a  problem”  into  sub¬ 
routines  that  “feed”  a  main  program.)  It  might  also  be  noted  that,  in  general,  the  diagram  part  on 
the  lower  right  hand  side  of  the  nomogram  serves  to  define  the  circumstances  of  viewing  (that  is. 
the  contrast  and  extinction  ratio)  whereas  the  diagram  part  at  left  defines  the  LWC  state  of  the 
clouds  and  documents  the  relations  between  object  size  and  discernment  or  recognition  visibility. 

A  few  words  about  the  design  limits  of  the  nomograms  are  also  in  order. 

The  clear-air  diagrams/nomograms  of  Figures  11-12  and  13-14  have  been  extended,  in 
design  and  plotting,  to  very-large  visibility  ranges,  of  some  36,000-100,000  km  (22.000-62,000 
mi),  for  discernment,  which  encompasses  the  space-vehicle  and  satellite  viewing  of  earth  objects 
(or  the  objects  of  other  sun-planet  systems)  from  distances  as  large  as  the  earth-synchronous 
altitude  of  22,000  mi  (35,000  km).  The  viewing,  from  such  ranges,  is  presumed  to  be  that  of  a 
t)q)ical  human  being,  with  20/20  eyesight,  without  employment  of  telescopic  or  other  vision- 
enhancement  aids.  At  the  opposite  extreme  of  small  object  size  and  small  visual  range,  the  clear- 
air  diagrams/nomograms  of  the  figures  cited  are  limited  to  object  sizes  of  about  0.001-0.01  m 
(0.04-0.4  in.),  with  corresponding  visual  ranges  of  about  1-4  m  (3-13  ft). 

The  “cloud-state”  nomograms  of  Figures  15-16  and  17-18  are  limited,  in  their  extremes,  to  a 
maximum  discernment  visibility  of  30  miles  (Figures  15-16),  v/hich  is  the  definition  of  the  clear- 
air  state,  and  to  a  10.7  mile  maximum  recognition  visibility  (Figures  17-18),  which  is  2.8  times 
smaller  than  the  maximum  discernment  visibility.  For  ranges  larger  than  these,  we  are  involved 
in  clear-air  visibility,  not  cloudy  visibility,  and  Figures  11-14  should  be  used  for  prediction  rather 
than  Figures  15-18.  At  the  opposite,  small-visibility  extreme  of  Figures  15-18,  the  nomograms 
have  design  limits  of  M  =  5  g  m^.  k^  =  4.0,  with  V,,  =  0.54  s  and  V  =  0.068  s.  The  design  limit  on 
M  will  be  exceeded  in  the  viewing  of  very  small  objects  (as  in  the  insect  example  below).  But  Eqs. 
(141)  and  (143)  are  still  valid  and  may  be  utilized  in  such  cases,  since  M  merely  becomes  a  modi- 


•  Description  of  the  actual  construction  details  of  these  nomo>*rams  is  beyond  the  scope  of  this  report.  SufTrce  it  to  say 
that  the  nomograms  solve  Eqs.  (129).  (130).  (141).  and  (143).  in  parts,  with  important  resort  to  equations  (139)  and  (140). 
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fled,  artiflcially-large,  “efTective  M”  and  is  not  a  real  LWC  value.  The  effects  of  earth  curvature  on 
visibility  are  ignored. 

Now  that  the  nature  and  limitations  of  the  equations  and  nomograms  have  been  briefly 
described,  we  may  turn  to  a  discussion  of  the  significance  of  the  equations  concerning  visibility  in 
the  atmosphere. 

Perhaps  the  best  way  to  demonstrate  the  descriptive  power  of  the  equation  set  [Eqs.  (129), 
(130),  (141),  and  (143)],  relative  to  experience,  is  to  present  several  examples  of  viewing  situations 
that  are  predicted  by  the  equations.  ITiis  will  also  enable  the  reader  to  “check"  the  author's 
equation  and  nomographic  evaluations.  Six  specific  examples  will  be  presented. 

The  first  visibility  situation  to  be  considered  is  that  of  a  fog/ cloud  of  maximum  visual 
obscuration.  As  noted  previously,  the  maximum  LWCs  reported  in  the  literature,  that  define  such 
fog,  are  about  2  g  m'^.  Thus,  Eqs.  (141)  and  (143),  which  specify  the  discernment  and  recognition 
of  objects,  become,  for  average,  typical  conditions  of  viewing  [that  is.  contrast  =  0.8,  =1.5  and 

f  =  0.36,  as  assumed  previously),  =  1.0  s  and  V  =  0. 13  s.  If  it  is  presumed  that  an  intrepid 
motorist  is  looking  for  a  large,  overhead,  directional-sign  while  “feeling"  his/her  way  through  this 
fog  [sign  size  s  =  5  m  (=  16  ft)[.  the  sign  should  be  vaguely  discemable  at  a  distance  of  5  m  (16  ft) 
and  would  only  be  recognizable  at  a  distance  of  0.7  m  (2.3  ft).  This  says  that  the  venturesome 
motorist,  with  the  car  directly  beneath  the  sign,  could  “stand  on  the  hood"  and  still  not  be  able  to 
recognize  the  lettering  or  information  content  of  the  sign.*  The  author  has  personally  encountered 
fogs  of  such  obscurement  in  Washington  state,  California,  and  the  Ontario  and  Eastern  Provinces 
of  Canada.  The  reader  has  undoubtedly  had  similar  experiences.  The  situations  are  real,  not 
theoretical.  Incidentally,  on  a  clear  day.  with  no  obstructions  ahead,  the  same  large  sign  should 
be  discemable.  as  a  small  "dot,”  at  a  range  of  13  km  (8  mi)  and  recognizable  as  a  sign,  with 
concentrated  attention  on  the  largest  lettering,  at  a  range  of  some  5  km  (3  mi). 

The  second  visibility  situation  for  consideration  is  that  of  the  outdoor  discernment  and 
recognition  of  an  insect  that  draws  our  attention  by  its  motion.  Assume  that  the  insect  is  crawling 
along  a  sidewalk  and  that  average  contrast  conditions  prevail,  more  or  less.  In  clear  air,  Eq.  (130) 
predicts  that  the  insect  (size  =  s  a  0.005  m  =  0.016  ft  s  0.2  in)  can  be  discerned  at  a  distance  of 
13  m  (43  ft)  and  can  be  recognized  (as  being  an  ant,  bee.  fly,  beetle,  etc.)  at  a  distance  of  4.6  m 
(15  ft),  from  Eq.  (129).  This  is  viewing  that  also  requires  the  deliberate  attention  of  the  observer. 
Now  presume  that  the  day  is  foggy,  rather  than  clear.  On  such  day,  with  a  fog  defined  by  a  liquid 
water  content  of  M  =  0.001  g  m  ^  (a  moderately  dense  fog),  the  observers  discernment  distance  of 
the  insect  would  be  1.3  m  (4.3  ft),  from  Eq.  (141).  and  his/her  recognition  distance  would  be  a 
0.47  m  (=1.55  ft  a  18  in),  from  Eq.  (143).  (It  should  be  noted  that  this  situation  lies  beyond  the 
“small-size  limits”  of  the  Figure  15-18  cloud  nomograms.) 

Third,  consider  the  viewing  situation  of  a  motorist,  who  "looks  ahead"  on  a  highway  for 
approaching  traffic.  She/he  is  able  to  discern  a  typical  car  (frontal,  approaching  size 
=  s  a  1.5  m  a  5  ft)  in  clear  air  at  a  range  of  4  km  (2.5  mi),  from  Eq.  (130),  presuming  the  contrast 
=  In  (1/e)  =  0.8.  The  motorist  is  able  to  recognize  the  car  (the  model,  type  and  perhaps  the  manu¬ 
facturer)  at  a  range  of  1.4  km  (7/8  mi),  from  Eq.  (129),  presuming  a  feature  ratio  of  0.36.  In 
comparison,  under  the  moderate  fog  condition  specified  for  the  insect  example  above,  the  motor- 


*  This  is  an  extreme  case  that  can  only  be  handled  by  Eqs.  (141)  and  (143);  it  lies  beyond  the  limits  of  the  nomograms  of 
Figures  15-18. 
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ist  would  only  be  able  to  discern  the  same  approaching  car  at  a  range  of  0.4  km  (1/4  mi),  from 
Eq.  (141),  and  recognize  it  at  a  range  of  51  m  (167  ft),  from  Eq.  (143).  Moreover,  if  the  motorist 
had  been  driving  in  the  direction  of  the  sun  (but  not  directly  toward  it),  as  in  early  morning  or  late 
afternoon,  his/her  discernment  and  recognition  distances  might  have  been  reduced  by  as  much 
as  a  factor  of  2.  to  650  ft  and  85  ft  respectively. 

Fourth,  consider  the  situation  of  the  ground  viewing  of  a  “hot  air  balloon."  as  it  drifts  with  the 
wind  toward  an  observer  under  average  contrast  conditions.  The  balloon  (size  s  =  10  m  =  30  ft) 
should  be  discemable.  under  clear-air  conditions,  as  a  “speck"  in  the  sky.  at  a  range  of  26  km  (16 
mi),  from  Eq.  (130).  and  should  be  recognizable,  as  perhaps  belonging  to  a  friend  (by  coloring, 
lettering,  etc),  at  a  range  of  9.4  km  (6  mi),  from  Eq.  (129).  On  the  other  hand,  under  the  moderate 
fog  circumstances  specified  for  the  insect  and  motorist  examples  preceding,  the  discernment 
range  of  the  balloon  should  be  2.6  km  (1.6  mi),  from  Eq.  (141).  and  the  recognition  distance 
should  be  930  m  (3050  ft),  from  Eq.  (143). 

The  fifth  example  is  lengthy  and  is  designed  to  illustrate  how  the  equations  can  be  worked 
backward  and  forward  to  progressively  obtain  an  answer.  The  situation  involves  air  traffic  safety 
and  collision  avoidance  between  two  aircraft  of  different  types  flying  “straight  and  level."  One 
aircraft  is  a  slow,  light,  single  [s  =  6  m.  true  airspeed  (TAS)  =  50  m  s  ‘1  and  the  other  is  a  fast, 
militaiy  jet  (s  =  10  m,  TAS  =  150  m  s  '  )•  The  light  aircraft  has  a  non-painted,  aluminum  fuselage 
and  wings:  the  military  jet  has  a  fuselage  and  wings  of  conventional  construction  (aluminum, 
titanium,  stainless  steel,  etc.).  The  day,  at  the  flight  altitudes  of  10,500  feet  and  10,000  feet, 
respectively,  is  quite  hazy  ‘with  a  light  overcast"  above.  However,  the  ground-observer-reported 
visibility  is  the  1  mile  required  for  visual-flight-rules  (VFR).  “heads  up."  “see  and  be  seen"  opera¬ 
tions.  The  contrast  between  the  aircraft  and  the  haze-sky  background  is  very  small,  say  about 
0.1.  Their  feature  ratios  are  both  about  0.36.  The  light  aircraft,  with  a  faulty  altimeter,  has  drifted 
down  to  the  flight  altitude  of  the  jet  and  the  two  aircraft  on  reciprocal  headings  are  on  collision 
course,  with  a  closure  rate  of  200  ms'.  Can  the  pilots,  both  alert  and  looking  forward,  avoid 
collision?  If  the  observers  report  of  the  visibility  was  weighted  for  the  recognition  of  a  size  distri¬ 
bution  of  objects  of  average  contrast  (0.8),  then,  from  Eq.  (143),  for  a  recognition  visibility  of  1 
mile  (1609  m),  with  k^  =1.5,  the  hazy  situation  would  correspond  to  an  M  value  of  approximately 
0.0010  g  m  This  same  M  value  and  conditions  implies  a  discernment  range  of  2.8  miles  (consis¬ 
tent  with  the  2.8  ratio  between  the  two  visibilities).  An  observer  weighted  toward  the  discernment 
of  objects  would  have  reported  such  a  visibility.  From  this  preliminary  work  with  the  equations, 
they  may  now  be  solved  again  for  the  flight  conditions  of  the  two  aircraft  pilots.  The  pilot  of  the 
light  aircraft  can  first  discern  the  presence  of  the  larger  jet  (from  the  stated  s  and  contrast  values 
for  the  aircraft  plus  the  k^  =  1.5  and  derived  M  values)  at  a  distance  of  about  1300  feet  (400  m.  2 
seconds  to  impact),  from  Eq.  141,  and  can  recognize  it.  with  its  f  value  =  0.36.  at  a  distance  of 
about  500  feet  (150  m,  0.75  seconds  to  impact).  The  light  plane,  even  if  the  pilot  is  extremely 
alert,  cannot  respond  effectively  to  controls  in  a  0.75-  to  2-second  period.  Disaster  is  certain.  The 
pilot  of  the  jet  aircraft,  moving  faster  and  dealing  with  a  smaller  approaching  object  (the  condi¬ 
tions  have  been  stated)  will  discern  the  light  aircraft  700  feet  away  (215  m,  1.1  seconds  to  impact) 
and  recognize  it  at  250  feet  (75  m,  0.4  seconds  to  impact)  just  before  collision.  This  illustrates 
how  a  fatal  encounter  might  occur  under  perfectly  legal  VFR  conditions.  The  cause  of  the  colli¬ 
sion,  of  course,  is  that  the  light  gray  aircraft  have  so  little  contrast  against  the  closely  similar  light 
gray  background  of  the  haze  and  sky. 
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Finally,  let  us  return  to  the  example  of  the  deer  hunter,  which  was  employed  to  illustrate  the 
difference  between  the  generalized  (historic)  situation  of  discernment  viewing  and  of  recognition 
viewing.  Let  us  consider  how  the  “object  sjiecific"  equations  developed  in  this  section  quantify  the 
prior  generalities.  The  viewing  circumstances  of  the  deer  hunter  were  that  he/she  was  stalking  a 
deer  on  a  “dense-foggy”  day,  of  LWC  =  0.01  g  m  under  rather  poor  contrast  conditions.  In  (1/e) 

=  0.2.  with  a  fog  droplet  extinction  ratio  assumed  to  be  k^=  1.5.  She/he  was  able  to  discern  a 
living,  moving  object,  perhaps  a  deer,  at  a  range  of  800  feet,  but  was  only  able  to  recognize  that  it 
was  indeed  a  deer — and  a  legal  buck  as  opposed  to  a  doe — at  a  range  of  200  feet.  This  was  the 
prediction  of  the  prior,  generalized  equations.  The  “object  sjjecific"  equations  of  the  present 
section  permit  a  more-accurate  prediction  that  may  be  stated  in  comparison.  The  deer  (size  =  s  = 
1.5  m  =  5  ft)  should  be  discemable,  from  Eq.  (141).  or  from  the  nomogram  of  Figure  15,  as  a 
moving,  living  object,  at  a  range  of  75  m  =  250  feet.  The  “feature”  of  the  deer — antlers — that 
distinguishes  a  buck  from  a  doe  (s^  =  1.5  ft.  with  a  feature  ratio  of  f  =  0.30)  tells  us  that  the  deer 
hunter  cannot  realize  his/her  “killing  quest”  without  creeping  forward  to  a  recognition  range  of  27 
m  =  88  ft.  as  prescribed  by  Eq.  (143)  (the  Figure  17  nomogram  does  not  apply  to  an  f  value  other 
than  0.36).  This  final  example  demonstrates  how  our  previous,  generalized  visibility  equations 
grossly  overpredict  our  common,  everyday  experiences  of  viewing. 

The  six  examples  preceding  are  all  predicted  by  the  final  visibility  equations  herein.  The 
reader  may  judge  whether  the  results  make  reasonable  sense,  or  whether  adjustments  seem 
desirable  to  reflect  better  some  “commonality  of  subjectivity,”  rather  than  just  the  author's  own. 
All  criticisms  of  any  aspect  of  the  present  endeavor  are  most  welcome.  For  it  is  only  by  working 
together,  as  a  group,  that  we  can  hope  to  arrive  at  a  quantitative  assessment  of  subjectivity. 
Statements  in  the  visibility  literature  have  suggested  that  such  a  goal 's  impossible.  The  author 
does  not  share  this  pessimistic  viewpoint. 

Several  additional  comments  are  pertinent  before  moving  on  to  the  subject  of  radar/lidar 
meteorology. 

The  only  way  that  cloudy  visibility  can  be  defined  in  general  terms  is  by  specifying  the  LWC  of 
the  cloud  or  fog.  Actual  viewing  is  always  object  specific  and  is  confined  to  the  discernment  and 
recognition  of  objects  such  as  cars,  trucks,  signs,  buildings,  hills,  mountains,  etc.,  which  we  view 
at  different  ranges  under  different  contrast  and  other  conditions.  We  mentally  integrate  and 
“average  out”  all  of  these  multifarious  views  of  objects  and  subjectively  judge  [official  weather 
observers  are  included)  that  the  general  visibility  is.  “6  miles.”  But  what  does  this  “6  miles”  really 
mean?  What  is  it  that  the  layman  or  aircraft  pilot  is  supposed  to  discern  or  recognize  at  an  offi¬ 
cially  reported  visibility  of  “6  miles?”  This  is  a  presently  unanswered  question  that  the  work 
herein  may  help  resolve.  For  example.  Equations  (141)  and  (143)  indicate  that  a  report  of  6  miles 
visibility  under  typical  viewing  conditions  implies  that  the  observer  is  mentally  involved  with  the 
discernment  of  objects  of  about  5-17  m  (16-54  ft)  size  and/or  the  reeognition  of  objects  of  about 
16-55  m  (52-180  ft)  size,  whether  she/he  “knows  it  or  not.” 

The  average,  “representative"  visibility  for  a  given  site,  is  obtained,  in  today's  practice,  by 
viewing  numerous  objects  surrounding  a  site  and  obtaining  an  impressionistic  average  for  all 
objects,  which  is  reported  as  the  site  or  station  visibility.  From  the  findings  herein,  this  reporting 
practice  can  be  considerably  improved  by  the  thoughtful  design  of  standardized  “markers”  that 
could  be  emplaced  at  known  (surveyed)  range(s)  surrounding  a  site.  [Natural  objects  simply 
cannot  be  used  as  reliable  visibility  references.  For  example,  a  "sky  background”  cannot  be  used 
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as  a  reliable  contrast  reference,  since  such  background  will  depend  on  the  "skycover"  situation  in 
the  vicinity  of  the  object  being  viewed.  The  background  will  vaiy’  from  blue  (no  skycover)  to  dark 
gray  (when  the  skycover  is  “thickly  overcast").  This  is  one  possible  reason  that  Middleton  (loc.  cit.) 
obtained  such  large  variation  of  values  in  his  experiments  with  markers  contrasted  against  the 
horizon,  (See  Section  9,2.)|  It  is  suggested  that  a  suitable  marker,  of  careful  design,  might  be 
manufactured  that  would  insure  constancy  of  background,  contrast,  and  recognizability  of 
features  for  visibility  observations/measurements  made  either  during  the  daytime  or  at  night  (if 
illuminated). 

An  uncertainty  analysis  was  presented  in  Section  9.3  that  concerned  the  matter  of  how 
accurately  cloud  LWC  values  might  be  estimated  from  visibility  measurements.  At  the  end  of  the 
section,  it  was  suggested  that  “someting  seemed  to  be  missing"  in  the  analysis  and  that  “that 
something"  might  have  been  a  failure  to  consider  the  subject  of  visibility  in  clear  air  and  its 
relation  to  visibility  in  cloudy  air.  This  led  to  t'  e  work  of  the  present  section. 

With  reference  to  this  uncertainty  analysis,  it  is  now  known  that  there  are  three  additional 
factors  of  uncertainty  Involved  in  LWC  assessment  from  visibility  than  were  considered  previ¬ 
ously.  The  first  is  the  range  to  an  object.  How  accurately  is  this  known?  Is  it  estimated  or  mea¬ 
sured?  The  second  is  the  size  of  the  object:  is  it  estimated  or  known?  The  third  is  the  feature  ratio 
of  the  object  that  allows  recognition.  How,  and  how  well,  can  this  be  defined  and  what  level  of 
feature  detail  do  we  choose  to  regard  as  recognition? 

The  conclusions  of  Section  9,3  (summarized  in  Table  5)  remain  relatively  unchanged  by  the 
addition  of  these  three  factors  to  the  visibility  equations,  since  all  are  under  our  measurement/ 
definition  control.  The  range  to  objects  viewed  can  be  established  to  an  accuracy  such  that  uncer¬ 
tainty  effects  on  visibility  become  negligible.  The  size  of  objects,  although  somewhat  difficult  to 
define  in  profile  projection,  can  also  be  established  with  considerable  accuracy.  The  definition  of 
“recognition”  lies  completely  under  our  control,  hence  is  essentially  devoid  of  uncertainty.  There¬ 
fore,  the  conclusion  that  visibility  '"'bserv'ations  or  mea.surements  provide  excellent,  accurate 
means  of  LWC  determination  stand.s  unchanged. 

This  terminates  the  discussion  of  visibility.  We  turn  now  to  the  equally  important  subject  of 
how  the  equations  of  the  Khrgian-Mazin  distribution  function  can  contribute  to  the  field  of  radar/ 
lidar  meteorology  and  how  the  results  compare  with  previous  studies.  The  section  begins  on  page 
74). 
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Table  6.  Summary  of  visibility  findings,  reference  text. 
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•Average,  typical  conditions  are  f  =  0.36.  In  (1/e)  =  0.8  and  =  1.5.  with  r^  =  r„  =  1.0.  neglecting  truncation. 
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OBJECT  SIZE,  s  (m) 


Figure  13.  Recognition  range  in  clear  air  with  isolines  in  meters  and  kilometers.  Applies  to  an 
average  feature  ratio  of  0.36.  (reference  text). 
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Figure  15.  Discernment  visibility  in  cloudy  air  with  isolines  in  meters  and  kilometers 
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Figure  16.  Discernment  visibility  in  cloudy  air  with  isolines  in  feet  and  miles 
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Figure  17.  Recognition  visibility  in  cloudy  air  with  isolines  in  meters  and  kilometers.  Applies  to 
an  average  feature  ratio  of  0.36,  reference  text. 
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Figure  18.  Recognition  visibility  in  cloudy  air  with  isolines  in  feet  and  miles.  Applies  to  an 
average  feature  ratio  of  0.36,  reference  text. 
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10.  RADAR/UDAR  REFLECTIVITIES  AND  DATA  COBSPARISONS 


The  Khrgian-Mazin  distribution  function  permits  the  establishment  of  relations  among  quan¬ 
tities  that  are  important  to  radar/lidar  meteorology.  In  this  section,  the  M  versus  Z  relation  (of 
conventional  expression)  is  developed  for  radar/lidar.  The  radar  relation  is  next  developed  demon¬ 
strating  how  77  (volume  reflectivity)  is  dependent  on  Z  (reflectivity  factor).  The  equation  is  then 
used  in  comparison,  for  natural  cloud  types,  with  the  measurements  and  equation  work  of  prior 
investigations.  The  lidar  equation  relating  rj  and  Z  is  presented  and  discussed,  relative  to  the 
same  cloud  types.  Finally,  the  detection  requirements  of  radars  of  different  wavelength,  and  lidar. 
for  natural  clouds,  are  summarized  in  a  table  of  "dBrj  requirement."  which  is  the  common  form  of 
17  expression  in  the  radar/lidar  fields. 

10.1  The  M  Versus  Z  Relation  for  Radar  and  Lidar  Stemming  from  the  KM  Distribution 
Function 

The  radar/lidar  reflectivity  factor,  Z.  is  a  Junction  of  the  size  spectra  of  the  cloud  droplets  only. 
Herein,  the  spectra  are  (^escribed  by  the  basic  KM  distribution  function. 

The  reflectivity  factor  may  also  be  deduced  indirectly  from  radar  or  lidar  measurements.  Since 
radars  operate  in  the  Rayleigh  region  of  the  Mie  theory,  the  radar  measurements  are  dependent 
on  the  wavelength  of  the  transmitted  radiation.  Since  most  cloud  lidars  operate  in  the  region  of 
geometric  optics  of  the  Mie  theory,  the  lidar  measurements  are  not  dependent  on  the  wavelength 
of  transmission. 

The  M  versus  Z  relation  for  both  radar  and  lidar  is  readily  obtained  from  Eq.  (73),  by  reversing 
the  equation  with  the  result 

ij-  0  5.‘i2 

—  gm-'*.  (144) 

r.J 

For  persons  well-versed  in  cloud  and  precipitation  physics  involving  radar,  it  might  be  noted 
that  the  M  versus  Z  relation  found  to  be  most  descriptive /or  rain,  from  the  AFGL.  SAMS/ABRES 
Program,  is 

M  =  0.00314  Zo  ®^®  gm-’.  (145) 

This  is  the  Joss.  Thames  and  Waldvogel®®  (1968)  equation  for  widespread  rain,  as  also  refer¬ 
enced  and  discussed  by  Plank®'*  (1974b). 

It  is  seen,  neglecting  truncation,  that  the  exponents  of  the  equations  for  water  clouds  and 
rain  are  quite  similar.  The  coefiicient  for  water  clouds,  however,  is  about  1300  times  larger  than 
that  for  rain,  which  reflects  the  fact  that  the  Z  values  for  water  clouds  are  small,  relative  to  rain 
(see  Figure  A4)  but  that  the  M  values  are,  or  can  be  (as  shown  in  Figure  A3)  of  comparable  value. 
This  emphasizes  the  descriptivity  of  Eq.  (144). 

Joss.  J.,  Thames,  J.C.,  and  Waldvogel,  A.  (1968)  The  variation  of  raindrop  size  distributions  at  IzH-amo.  f^oc.  Intematl. 
ConJ.  on  Cloud  Physics,  Toronto.  Amer.  Meteor.  Soc..  Boston.  369. 


“  Plank.  V.G.  (1974)  Hydrometeor  Parameters  Determined  from  the  Radar  Data  of  the  SAMS  Rain  Erosioix  Program. 
AFCRL/SAMS  Report  No.  2.  AFCRL-TR-74-0249.  AD  786454.  ERP  No.  477.  86  pp". 
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10.2  The  T)  versus  Z  Relations  for  Radars  of  Different  Wavelength 

The  volume  reflectivity.  ti.  is  the  tuiiclamental  ciuatitity  measured  by  any  "cloud  physics 
radar.”  It  is  defined  as  the  summation  of  the  back-scatter  return  to  the  receiver,  per  unit  illumi¬ 
nated  volume  of  the  radai.  It  is  conventionally  expressed  in  units  of  cm 
Mason  (1971)  has  presented  the  equation  for  water  hydrometeors.'' ’ 


0.93  K  '  Z 

q  =  - ,  ( 1 46) 

where  X  is  the  wavelength  of  the  radar.  With  units  conversion.  Plank  (1974a),  this  becomes'  '' 

2.85  X  10  Z 

ti  =  -  cm',  (147) 

X' 

with  X  still  in  cm. 

10.3  T)  Values  for  Internationally-Defined  Clouds  for  Radars  of  Different  Wavelength,  Plus 
Data  Comparisons  at  X-Band 

The  average,  typical  liquid-water-contents  for  internationally-defined  water  clouds  were 
determined  in  Section  9.2,  Table  3.  following  the  procedures  explained  therein.  These  averages 
are  listed  in  Table  7.  in  the  first  data  column  of  the  table.  The  next  two  columns  of  the  table  show 
the  Z  values  (from  Eq.  73)  and  the  q  values  (from  Eq.  (147))  for  a  radar  wavelength  of  1 .25  cm. 

Comparison  measurements  exist  that  were  obtained  by  Plank,  Atlas  and  Paulsen  (1955)  using 
a  modified  APS-34,  X-Band  radar  with  X  =  1.25  cm  (or  24  Ghz  frequency).  The  ranges  of  the 
measured  -n  values  for  the  internationally-defined  clouds  identified  in  Table  7  are  presented  in 
column  4  of  the  table.  The  corresponding  value-ranges  of  Z.  derived  from  Eq.  ( 1 42)  reversed,  are 
supplied  in  the  following  column. 

Atlas  and  Bartnoff  (loc.  cit.)  have  provided  an  equation  for  radar  Z  that  may  also  be  used  in 
comparison.  Without  discussion  of  details,  their  equation  is 

Z=  1.91  X  ]0"G(n)  IVM  mm"  m  '  .  (148) 

where  is  the  median  volume  diameter  of  the  cloud  droplets,  in  pm,  and  G(n)  is  a  non-dimen¬ 
sional  quantity  that  is  a  function  ol  the  “spread”  of  the  size  distribution  of  the  droplets.  The  Atlas- 
Bartnoff  (AB)  values  of  D,,  are  listed  in  the  first  column  of  the  "AB  portion”  of  Table  7.  These  are 
the  same  values  shown  in  Table  3  and  explained  in  Section  9.2.  The  AB  values  of  G(n)  for  the 
various  identified  types  of  internationally-defined  water  clouds  are  provided  in  the  next  column  of 
the  table  and  their  Z  values,  and  corresponding  q  values  (from  Eq.  (142).  for  X  =  1 .25  cm)  are 
presented  in  the  last  columns  of  the  table. 


Mason.  B.J.  (1971)  Die  Physics  ql  C'loiids.  srcoiul  etiition.  Clamulon  Press.  ().\lorfl.  EiiUlmKl. 


Plank.  V.G.  ( 1974)  A  Summary  q/  the  Radar  Ek/uations  and  MeasuremetU  Tccliuiyiws  Used  in  the  SAMS  Rain  Erosion 
Program  at  Wallops  Island.  Virginia.  AFCRI^/SAMS  Rcfxtrt  No.  I.  AFGRL  'I  lt-74  0053.  Special  Report  No.  172.  lOH  pp..  At) 
778  095. 
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Table  7.  Comparison  of  equation  and  measured  values  of  radar  Z  and  q  for  natural  cloud  types 
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It  is  observed,  from  Table  7.  that  both  the  equations  herein  (H)  and  the  AB  equations  predict 
Z  and  T]  values  which.  e.Kcept  for  AB  re^ardinj*  Ns.  tend  lo  lie  somewhat  below  or  at  the  small 
value  end  of  the  PAP  range  of  measured  values.  With  regard  to  Ns.  the  H  predictions  lie  within  the 
measured  range  but  those  of  AB  do  not.  There  is  an  obv  ious  problem  with  the  AB  predictions 
which  may  have  resulted  from  some  kind  of  typographical  error  in  their  paper.  Radar  calibration 
unknowns  also  probably  existed  in  the  PAP  measurements,  which  might  explain  why  their  value 
ranges  seem  "overly  large." 

In  general,  the  H  predictions  and  f'.ose  of  AB  are  in  approximate  "dBZ  accord"  (dBZ  being  the 
conventional  radar-meteorological  way  of  expressing  Z).  The  H  predicted  values  of  Z.  neglecting  Ns 
clouds,  are.  on  the  average,  about  4.8  times  larger  than  those  of  AB.  The  dBZ  values  are  about 
5.3  times  larger. 

The  first  section  of  1  able  8  shows  the  values  of  dB^i  that  are  required  (according  to  the  work 
herein)  by  radars  of  different  wavelengths  to  detect  the  internationally-defined,  water-cloud -types 
identified  in  the  table.  This  reveals  the  general  criteria  for  cloud  detection  by  any  radar  operating 
in  the  wavelength  (or  frequency)  bands  defined  as  K-Band.  X-Band.  C-Band.  S-Band  and  L-Band. 
The  dBir)  values  provided  in  the  table  are  "as  far  as  one  can  go."  in  specifying  detection  criteria, 
without  full  and  complete  knowledge  of  the  characteristics  of  the  particular  radar  system.  (Such 
knowledge  involves  information  about  pulse  width,  pulse  repetition  frequency,  transmitted  power, 
minimum-detectable  received  power,  chirping  or  frequency-sweeping  techniques  employed,  pulse 
averaging  or  signal  integration  procedures  used,  "long  term"  time  averaging  possibilities,  and 
whether  the  radar  is  of  usual  or  phased-array  type,  etc.) 

Casually,  one  would  assume  that  radars  of  relatively  large  w'avelength.  C-Band  or  larger, 
would  be  useless  in  cloud  detection.  However,  this  neglects  the  fact  that  numerous  operational 
radars  today  are  extremely  powerful  and  sophisticated.  For  example.  Hardy  and  Katz'’’’(1969). 
Atlas,  et  al*^”“'  (1966a.  1966b)  and  Atlas’’”  (1990)  using  S  band  radars  at  the  NASA.  Wallops  Island 
Facility  were  able  to  detect  clouds  with  the  radars.  Gossard.  Strauch  and  Rogers”  (1990)  were 
able  to  use  an  L-Band.  vertically-pointing  doppler  radar  to  deduce  the  size  distributions  of  cloud 
and  precipitation.  Blood  (in  Hardy,  et  al.’^  1981)  demonstrated  theoretically  that  it  was  possible  to 
detect  very  thin  cirrus  clouds  at  L-Band.  using  the  Tradex-L  radar  (with  chirp  waveform)  at  the 
Kwajalein  Missle  Range.  The  technique  required  “long  term"  averaging  (to  integrate  signal  from 
noise)  to  deduce  the  nature  of  the  cirrus.  The  coherent  processing  periods  (during  which  the 
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radar  would  remain  focused  at  a  particular  “spot"  at  the  cirrus  altitude)  were  of  the  order  of  a 
minute.  Unfortunately  the  Blood  proposal  was  never  tested. 

The  preceding  paragraph  explains  why  the  author  includes  all  radar  bands  [except  W-Band 
(0.32  cm),  which  is  dominated  by  Mie  scattering  (ref.  Appendix  B)j  in  his  Table  8  specifications  of 
the  required  dBr)  values  for  water  cloud  detection.  (The  detection  criteria  can,  and  have  been, 
extended  to  "ice  clouds,"  but  this  is  beyond  the  scope  of  the  present  report.) 

10.4  The  T]  versus  Z  Relation  for  Lidars 

Lidars  employed  for  cloud  detection  operate  mostly  in  the  visible  portion  of  the  electromag¬ 
netic  spectrum.  They  can  also  operate  successfully  in  the  ultraviolet  portion.  In  both  cases,  the 
illuminating  frequencies  and  cloud  sizes  to  be  detectec  lie  within  the  region  of  geometric  optics  of 
the  Mie  theory,  [reference  Appendix  B).  Clouds  can  also  be  detected  within  the  infrared  portion  of 
the  spectrum,  but  with  considerably  more  difficulty,  since  such  illumination  of  clouds  occurs 
within  the  oscillatory  Mie  region  of  his  general  theory. 

Only  visible  and  UV  illumination  are  considered  in  this  section,  and  it  is  presumed  that  the 
particular  lidar  wavelengths  have  been  chosen  to  avoid  absorption  lines  of  atmospheric  gases. 

The  definition  of  the  volume  reflectivity  for  lidar  is  the  same  as  for  radar.  It  is  the  summation 
of  the  “back  scatter”  per  unit  illuminated  pulse-volume.  Thus,  to  a  rough  first  approximation 

Ti^  =  (k,-l)A.  (149) 

where  k,  is  the  extinction  ratio  and  A  is  the  projected,  cross-sectional  area  of  the  cloud  droplets  in 
the  direction  of  ilium. nation.*  For  the  KM  distribution.  A  is  given  by  Eq.  (66).  which,  when  intro¬ 
duced  into  Eq.  (149),  with  length  units  conversion,  yields 

~  0.00060  (k  -  1)  M”  ^^^  — ^  cm  '  .  (150) 

''m 

If  Eq.  (139)  is  introduced  into  the  above  equation. 

■n,  a  0.00166  (k  -  1)  - - -  cm  '  .  (151) 

"  (r  r 

It  was  previously  mentioned  that,  in  the  author's  best  judgment,  k  is  likely  to  have  a  value  of 
about  1.5.  With  this  value  inserted  into  Eq.  (151).  and  ignoring  the  truncation  terms. 

■n,  a  8.30  X  lO"*  cm  '  .  (152) 

For  the  Z  values  for  internationally-defined  water  clouds  listed  in  Table  8.  the  dBr]  values 
required  for  lidar  detection  of  the^clouds  at  visible  and  UV  wavelengths  were  computed  from  Eq. 
(152).  They  are  shown  in  the  last  column  of  the  table  and  are  presented  without  comment. 


*  This  is  "v'ery  approximate."  since  it  ignores  energy  diversion  bv  “side  scattering  '  and  also  ignores  secondary  diflr.activc, 
reflective  and  scattering  effects.  Eq.  (149)  is  indicative  only. 
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We  now  turn  to  a  consideration  of  relations  among  the  KM  quantities  other  than  the  ones 
already  discussed  in  Sections  5-10. 

11.  OTHER  RELATIONS  AMONG  THE  K-M  QUANTITIES 

In  this  report,  some  of  the  “more  interesting"  relations  among  cloud  physics  quantities  that 
stem  from  the  Khrgian-Mazin  distribution  function  have  been  examined.  But  the  surface  has 
merely  been  touched  concerning  other  valuable  relations. 

The  matrtix  diagram  at  the  left  in  Figure  19  shows  the  totality  of  all  possible  relations  among 
the  quantities,  N,  A,  V,  M,  and  Z,  of  cloud  physics  interest.  The  matrix,  in  conformance  with 
conventional  plotting  tradition,  indicates  the  presumed  independent  (measured)  "X”  quantities  (N, 
A,  V.  M.  or  Z)  along  its  horizontal,  absciosa  direction  and  the  (also  presumed)  dependent  (esti¬ 
mated)  "Y"  quantities  (N,  A,  V,  M.  or  Z)  along  its  vertical,  ordinate  direction.  The  matrix  shows 
that  there  are  20  posible  relations,  which,  by  row  translation,  are  specifically  identified  in  the 
second  matrix  of  Figure  19,  at  the  right. 

It  may  be  stated  that  none  of  these  twenty  relations  are  devoid  of  cloud  physics  interest.  Each 
has  conceivable  application,  either  now  or  with  anticipated  development  of  new  instrumental 
methods  of  measurement.  However,  the  author's  resources  simply  do  not  permit  discussion  of  all. 
He  can  merely  indicate  the  relations  that  have  been  discussed  herein  (to  a  degree),  those  that 
seem  “most  interesting"  for  future  study,  and  those  that  appear  to  have  little  immediate  applica¬ 
tion  without  advancements  in  instrumentation  or  demonstrated  operational  needs. 

Before  proceeding,  it  should  be  noted  that  the  particular  relations  of  the  right  hand  matrix  of 
Figure  19  have  been  assigned  the  numbers  1  through  20.  as  typed  in  the  upper  right  hand  cor¬ 
ners  of  the  matrix  blocks.  This  is  for  convenience  of  reference.. 

The  particular  relations  of  Figure  19  for  which  equations  have  been  presented  or  which  have 
been  utilized  or  discussed  herein  are  indicated  by  the  screening  material.  These  encompass  the 
relations  3.  7.  10,  11,  15,  16  and  20,  that  involve  all  dependencies  on  M,  the  dependency  of  V  on 
A,  and  the  M  versus  Z  relation.  The  most  fascinating  relation  of  all  involves  the  distinct  possibility 
of  accurate  LWC  determination  from  observations  or  measurements  of  visibility. 

Of  the  14  remaining  relations,  those  of  estimating  V  from  Z  (for  predicting  visibilities  aloft) 
and  of  estimating  N  from  Z  (for  weather  definition  purposes)  would  seem  most  worthy  of  atten¬ 
tion.  Also  of  interest  are  all  relations  enabling  an  estimation  of  A.  namely  numbers  5-8,  since  A  is 
a  fundamental  parameter  of  much  extinction,  attenuation  and  scattering  work  in  the  visual, 
radio/radar,  IR  and  UV  regions  of  the  electromagnetic  spectrum. 

The  author  cannot  conceive  of  any  immediate,  worthwhile  applications  for  the  other  7  rela¬ 
tions  (1,  2.  9,  13,  14,  17,  and  18)  but  perhaps  others  can.  Besides,  who  knows  what  the  future 
might  hold? 

It  should  be  noted  and  emphasized  (as  the  most  important  accomplishment  of  this  report) 
that  any  single,  accurate  measurement  of  any  of  the  five  quantities,  N,  A,  V,  M,  or  Z,  enables 
estimates  of  the  four  other  quantities  not  measured,  plus  information  about  the  distribution  proper¬ 
ties  of  all  quantities.  For  example,  suppose  that  we  have  a  single,  accurate  measurement  of  radar 
Z.  From  the  relations  8,  12,  and  16,  we  then  have  good  estimates  of  the  quantities  A,  V,  and  M. 
This,  in  turn,  through  any  of  the  matrix  relations,  1.  2,  3,  or  4,  provides  estimates  of  N.  The  size 
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Figure  19.  Matrix  diagram  demonstrating  all  possible  relations  among  quantities  stemming  from  the  KM  distribution  iunction 
together  with  second  diagram  Identifying  the  relations 


distribution  properties  of  Aj^.  and  Z,,  are  then  prescribed  by  Eqs.  (60),  (64).  (68)  and  (71). 
(Visibility,  although  not  excluded,  is  a  more  complicated,  “special  case."  regarding  its  distributed 
characteristics. ) 

What  can  be  accomplished  from  this  example  of  a  single  measurement  applies  equally  well 
(within  measurement  uncertainty  bounds)  to  any  of  the  other  quantities.  Thus,  from  one,  there 
results  "all." 

Of  course,  the  validity  of  the  above  statements  are  based  completely  on  the  inherent 
descriptivity  of  the  Khrgian-Mazin  distribution  function,  or  of  the  “Gamma  Function." 

It  might  be  contended  that  some  other  distribution  function,  the  normal,  log-normal,  Poisson, 
etc.,  might  provide  superior  descriptivity  in  particular  instances.  This  might  very  well  be  true,  but 
it  should  be  pointed  out  that,  to  provide  this  across-the-full-range-of-cloud-physics  interest,  any 
proposed  function  must  be  differentiable  and  integrable  for  all  of  the  diameter  moments  of  the 
quantities  cited  above  (plus  aerosols,  desirably).  Few  functions  can  provide  such  capability  with¬ 
out  impossible  or  horrendous  mathematical  complexity. 

Hence,  although  use  of  the  Gamma  Function,  as  herein,  might  cause  some  “descriptive  lacks" 
in  specific  cases  (even  though  none  has  been  demonstrated  to  date)  the  overall,  descriptivity  of 
the  function  (including  that  of  Appendix  A)  has  considerable  merit.  In  fact,  in  the  author  s  opin¬ 
ion,  this  function  (plus  logical  extensions)  seems  to  be  the  natural,  empirical  descriptor  of  most  of 
the  cloud  physics/precipitation  events  of  the  atmosphere. 

A  warning  must  be  given,  here,  however.  The  equations  of  the  present  report  do  not  apply  to. 
nor  are  they  necessarily  descriptive  of.  cloud  physics  situations  of  active  development  or  rapid 
dissipation.  The  equations  have  no  growth  or  dissipative  terms.  They  could  be  extended  to  con¬ 
tain  such  terms  but  this  is  completely  beyond  the  scope  of  this  report.  The  equations  can  also  be 
extended  to  be  the  descriptor(s)  of  ice-crystal  clouds  and  snow.  but.  this  again,  lies  beyond  the 
scope  of  the  present  report. 


12.  SUMMARY 

Equations  for  double-truncated  distributions  and  for  totals  were  developed  that  describe  the 
spectral  and  integrated  properties  of  the  number  concentration,  cross-sectional  area,  visibility, 
liquid  water  content,  and  radar/lidar  reflectivity  factor  of  water  clouds  in  the  atmosphere.  These 
equations  are  all  diameter  moments  of  the  "Gamma  Function,"  as  related,  or  “tied,"  to  the  basic, 
second-moment,  distribution-function  of  Khrgian-Mazin  (KM).  The  KM  function,  from  extensive 
data  comparisons,  is  highly  descriptive  of  the  number  concentration  of  cloud  droplets  versus 
droplet  diameter. 

The  truncation  terms  of  the  equations  were  di;-  'ussed  and  examples  of  their  utility  in  assess¬ 
ing  the  measurement  capabilities  and  limitations  of  i  loud  physics  instruments  were  presented 
and  illustrated. 

The  method  used  to  solve  the  equation,  which  essentially  involves  the  expression  of  all  dis¬ 
tributed  and  totals  quantities  in  terms  of  the  modal  diameter  for  number  concentration  and  the 
total  LWC  of  the  cloud  droplets,  was  explained.  The  basic  nature  of  the  KM  distribution  function, 
as  being  part  of  the  general  family  of  the  Gamma  Function,  was  noted  and  several  applications  of 
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the  function  to  weather  definition  and  to  providing  a  continuity  basis  for  storm  models,  were 
highlighted. 

The  equations  for  the  summed  cross-sectional  areas  of  cloud  droplets  were  converted  into 
terms  of  visibility  and  the  two  types  of  visibility — discernment  viewing  at  long  ranges  and  recogni¬ 
tion  viewing  at  shorter  ranges —  were  emphasized  as  being  an  intrinsic  part  of  the  common  seeing 
experiences  shared  by  all  planetary  creatures  with  eyes. 

The  history  of  visibility  theory  was  recounted,  as  was  the  unfortunate  stagnation  of  the  theory' 
from  about  1931  to  present.  This  stagnation  (or  “sidetracking")  was  due.  in  the  author  s  opinion, 
to  the  failure  of  early  researchers  to  "connect."  “combine"  and  “build  on"  the  \  orks  of  Helmholtz - 
(1896).  Trabert-”  (1901)  and  Koschmieder^’* (1924a,  1924b)  Koschmieder's  rontributions  are 
especially  valuable  since  they  explain  the  important  (and  often  dominating)  influence  of  contrast 
on  visibility. 

Visibility  and  LWC  in  water  clouds  of  the  atmosphere  are  sensitively  related.  One  essentially 
defines  the  other.  Moreover,  as  visibilities  increase  (or  LWCs  decrease)  there  is  a  basic  association 
and  merging  of  the  smallest  cloud  droplets  into  the  general  populations  of  condensation  nuclei, 
moist  aerosols,  dry  aerosols,  and  polar  molecules  (which  are  ever-present  constituents  of  the 
lower  atmosphere  that  are  generated  by  diverse  sources  and  are  secondarily  governed,  in  their 
number  concentrations  and  mass  contents,  by  the  relative  humidity  state  and  structure  of  the 
atmosphere  (which,  in  turn,  is  dependent  on  the  synoptic  weather  situation  of  a  given  day)). 

Such  considerations,  of  a  logical  merger  of  the  smallest  cloud  droplets  (of  visibility)  with  the 
aerosols  (of  haze,  dust,  or  smog  situations),  led  to  an  equation  assumption  of  "merger. "  which 
recognized  that,  for  a  common  bandwidth,  the  number  concentration  of  particles  will  decrease 
with  decreasing  size  (see  Figure  6  for  N  total)  and  that  the  LWCs  (or  mass  contents)  will  be  like¬ 
wise  reduced.  This  assumption  (or  relation  between  modal  diameter  and  LWC)  mandated  changes 
in  all  equations  of  the  KM  distribution  function  that  had  been  written  theretofore. 

The  v'isibility  situations  of  discernment  and  recognition  were  described  and  illustrated  by  use 
of  nomograms.  Comparisons  were  made  with  previous  visibility  studies  and  examples  were  cited 
to  relate  equation  results  to  common,  everyday  experiences  of  viewing. 

An  uncertainty  analysis  was  undertaken  to  demonstrate  the  versatility  of  the  KM  equations 
and  to  ascertain  how  well  LWC  might  be  determined  from  measurements  of  visibility.  The  answer 
was  to  about  ±  50  percent,  for  LWC  values  ranging  from  10  '  to  2  g  m  '.  However,  more  important 
than  this  answer  was  the  suspicion  engendered  by  the  work  that  certain  factors  significant  to 
visibility  had  been  neglected,  historically,  and  were  still  being  neglected,  presently,  in  the  general 
theory  of  visibility.  It  was  postulated  that  the  missing  factors  involved  the  definition  and  equation 
expression  of  visibility  in  clear  air.  together  with  their  expression  for  cloudy  air,  as  well  as  consid¬ 
erations  about  the  nature  of  the  “link"  between  the  two. 


“  Helmholtz.  H.L.F.  von  (1896)  Hcmdbucli  der  [’liiisiologischcii  Opn/c.  Hamburi.’  iiiifl  Iz’ip/it;. 

"  Trabert.  Wilhelm  (I90II  Die  e.\tine(ion  ties  liehtes  in  einem  truben  medium  (Sehueile  in  tvolken),  Mclfor.  7...  J8 ..SlS- 
525. 

"  Koschmieder.  H.  (1924)  Theorie  tier  ho;  izontalen  siehtweiie.  Beilrdt/e  ziir  phi/silc  dfr Jrcicu  almosplidrc.  XII:33  53 

Koschmieder.  H,  (1924b)  Theorie  tier  horizonlalen  siehtweiie  11:  konirast  nnd  siehtweiie.  Bcilraqc  y.ur  plii/.sik  der  Irrifn 
atmosphare.  XU;  1 7 1  - 1 8 1 . 
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Equations  were  developed  and  presented  describin^j  ihe  discemmeni  of  objects  of  various 
sizes  in  clear  air  and  the  recognition  of  objects  in  clear  air.  Clear  air  was  defined  as  the  synoptic 
state  of  unlimited  visibility  (>  30  mites).  This  enabled  the  previous  visibility  equations  for  cloudy 
air  to  also  be  written  in  terms  of  discernment  and  recognition  visibility.  Various  examples  of  the 
descriptive  power  of  the  new.  more-generalized  equations  were  offered  and  discussed.  A  set  of 
predictive  nomograms  was  provided. 

The  implications  of  the  Khrgian-Mazin  distribution  function  in  the  fields  of  radar  and  lidar 
meteorology  were  considered  next.  The  KM  equation  for  the  radar  reflectivity  factor  (Z)  was  pre¬ 
sented  and  its  relation  to  volume  reflectivity  (rj)  was  noted.  A  so-called  M  vs  Z  relation  for  water 
clouds  was  developed  as  were  vs  Z  relations  for  radar  and,  very  tentatively,  for  lidar.  The  KM 
predictions  of  ti  and  Z  for  internationally-defined,  natural  water-clouds  w'ere  compared  with  the 
Plank,  Atlas  and  Paulsen”  (1955)  X-Band  measurements  of  q  for  such  clouds.  Comparisons  were 
also  made  with  the  predictive  equations  of  Atlas  and  BartnofP’  (1953).  The  nominal  detectabilities 
of  these  natural  clouds,  in  terms  oi  dBi]  and  for  radar  wavelengths  from  K-Band  to  L-Band  (also 
lidar — tentatively),  were  explained  anti  tabulated. 

'fhe  totality  of  the  associative  (governing)  relations  among  KM  quantities  of  cloud  physics 
interest  was  pointed  out  and  emphasized.  Of  the  twenty  total,  it  was  noted  that  only  seven  had 
been  discussed  specifically  in  the  present  report  (due  to  necessary  restrictions  of  scope).  However, 
all  KM  associations  among  the  cloud  physics  quantities  were  deemed  quantitatively  and  opera¬ 
tionally  useful,  if  not  now,  then  sometime  in  the  foreseeable  future.  Some  of  the  most  promising 
possibilities  were  cited.  The  KM  function  and  associations  were  mentioned  as  providing  a  sort  of 
“continuity  equation"  for  cloud  physics,  which  prescribes  conditions  that  are  usually  true  for  any 
given  point  of  atmospheric  space,  but  which,  with  processes  of  cloud  development  and  dissipation 
can  depart  significantly  from  such  state  (unless  time-change  terms  were  to  be  incorporated  into 
the  equations). 

Three  appendixes  are  included  as  part  of  the  report.  Appendix  A  outlines  how  the  separate 
empirical  findings  in  the  diverse  fields  of  aerosol  physics,  cloud  physics,  precipitation  physics, 
and  visibility,  can,  if  consolidated  on  a  common  comparison  basis,  provide  valuable  insight 
concerning  the  overall  nature  of  precipitation  development  in  the  atmosphere.  Text  and  illustra¬ 
tive  examples  of  such  possibilities  are  provided.  It  was  noted  that  these  composite  relations  and 
equations  are  important  (1)  to  the  understanding  of  value  consistencies  and  differences  among 
quantities  when  compared  on  a  common  basis,  (2)  to  “weather  definition."  which  requires 
predictive  ability  of  particle  sizes,  and  other  quantities,  over  a  broad  range  of  concern  and  (3)  to 
storm-model  continuity  and  consistency  (for  checking  existing  models  and  planning  new  ones). 

Appendix  B  considers  the  Mie  scattering  theory  and  how  different  wavelengths  of  illumination 
impinging  on  different  size  distributions  of  aerosols  and  hydrometeors  would  be  effected  by  the 
theory.  Appendix  C  indicates  how  a  monodispersed  population  of  cloud  droplets,  differing  radi¬ 
cally  from  the  KM  distribution,  would  affect  visibility  and  other  quantities. 


^  ‘  Plank.  V.G.,  Atlas.  D..  and  Paulsen,  W.H.  (19,15)  The  nature  and  detectability  of  clouds  and  precipitation  as  deter¬ 
mined  by  1.25  centimeter  radar.  J.  Meteor..  12:358-378 

Atlas,  D..  and  Bartnoff.  S.  (1953)  Ooud  visibility,  radar  reflectKaty  and  drop-size  distribution.  J.  Meteor..  10:143-148. 
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The  entirety  of  the  report  was  dedicated  to  discussion  and  demonstration  of  how  well  the 
Khrgian-Mazin  equations  describe  the  physics  of  cloud  events  in  various  fields  of  endeavor  and  to 
how  easily  they  can  be  incorporated  with  other  equations  or  consolidated  to  y’eld  new  insights. 


13.  CONCLUSIONS 

A  thesis  was  advanced  at  the  beginning  of  the  report  that  the  Khrgian-Mazin  distribution 
function  and  its  associated  moments  of  the  general  Gamma  Function  had  sweeping  implications 
across  a  broad  range  of  cloud  physics  concern  in  various  fields  of  endeavor.  From  the  basic  and 
comparative  work  herein,  it  is  suggested  that  this  thesis  has  now  been  verified. 

The  most  important  conclusion  is  that  the  KM  function  provides  a  quantitative  mathematical 
connection  among  the  total  and  distributed  properties  of  five  quantities  important  to  cloud  phys¬ 
ics:  number-concentration,  cross-sectional-area,  visibility,  liquid-water-content,  and  radar/lidar- 
reflectivity- factor.  It  also  permits  a  quantitative  association  with  the  historical  size-distribution 
equations  of  precipitation  physics  and  is  compatible  with  certain  of  the  descriptor  equations  for 
the  dry  and  moist  aerosols  of  the  atmosphere.  Thus,  it  becomes  possible  to  write  consistent, 
consolidated  equations  covering  the  full  size  range  of  aerosols,  water  clouds  and  rain.  An  exten¬ 
sion  to  ice  clouds  and  snow  is  also  possible  with  continued  work. 

The  properties  of  water  clouds  are  indelibly  tied  to  visibility  and  visibility  theory.  For  this 
reason,  the  report  concentrated  predominantly  on  this  subject  and  important  results  ensued. 
Visibility  theory  was  extended  to  include  considerations  of  droplet-size-distribution,  LWC,  con¬ 
trast,  extinction-ratio,  object-size  and  feature-ratio.  It  was  also  extended  to  definitions  and  equa¬ 
tions  for  discernment  versus  recognition  viewing  and  of  the  association  between  clear-air  and 
cloudy  visibility. 

From  the  sensitive  association  of  M  vs  V,  which  "filters  through"  all  of  the  KM  relations,  it  is 
concluded  that  observations  or  measurements  of  visibility  can  be  employed  to  determine  LWC 
values  to  accuracies  unobtainable  by  any  other  (present)  means.  This  has  broad  implications.  For 
example,  in  the  field  of  climatology,  it  would  seem  that  statistical/contingency  information  and 
tables  concerning  visibility  could  be  converted  into  corresponding  tables  of  LWC  to  obtain  opera¬ 
tionally  useful  products:  also  that  the  LWC  of  natural  clouds  could  be  accurately  assessed 
observationally.  Moreover,  it  would  appear  that  highly  detailed  predictions  of  size  distribution, 
garnered  from  the  sensitive  M  vs  V  relation,  when  combined  compositely  with  other  KM  equations 
and  with  fall-velocity,  turbulence,  entrainment,  and  electric-field-gradient  information,  might 
contribute  importantly  to  one  of  the  current  problems  of  prime  Air  force  concern,  namely  that  of 
the  charge  separation  in  clouds  that  causes  hazardous  lightning  strokes.  The  sizes  of  the  super¬ 
cooled  droplets  in  such  clouds,  especially  in  view  of  the  distinct  possibility  that  the  largest  and 
most  unstable  of  the  drops  are  likely  to  freeze  first,  must  certainly  have  important  consequences 
in  charge  separation.  These  are  only  a  few  oT  the  possible  applications  that  are  foreseeable  from 
exploitation  of  the  KM  association  of  M  and  V. 

The  equations  of  the  report,  since  they  have  truncation  terms,  can  be  very  useful  in  determin¬ 
ing  the  capabilities  and  limitations  of  present  cloud  physics  instruments  and  in  developing  com¬ 
pensation  corrections  where  appropriate. 
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They  can  also  be  helpful  in  designing  new  instruments. 

The  development  of  the  M  vs  Z  equations  for  water  clouds  and  aerosols — the  first  of  their 
kind — should  serve  to  reduce  the  error  bounds  in  radar/Iidar  studies  of  clouds.  Likewise,  the 
information  provided  about  the  detectabilities  of  natural  clouds  may  serve  as  a  general  reference 
and  possibly  be  of  interest  to  climatologists. 

From  the  work  of  Appendix  A.  it  is  concluded  that  the  composite  relations  and  equations 
explained  therein  will 

1 .  greatly  simplify  any  future  GL  weather  definition  work  of  the  SAMS/ABRES  type  or  similar. 

2.  provide  consistency  and  continuity  information  useful  to  the  checking  and  development  of 
storm  models. 

The  Appendix  A  findings  also  suggest  that  the  precipitation  process  in  the  atmosphere,  from 
aerosols  to  the  first  initiation  of  the  smallest  cloud  droplets  to  ultimate  precipitation  at  the 
ground,  proceeds  as  part  of  a  “cascade”  process,  in  which  aerosols,  with  Increasing  relative 
humidity  (rh)  become  cloud  droplets,  which,  with  further  increases  in  rh,  water-vapor  deposition 
and  coalescence,  become  rain  drops,  which,  resulting  from  many  growth  factors,  finally  fall  to  the 
ground  to  complete  the  process.  It  is  suggested  that  this  “cascade  analogy. “  as  explained  and 
illustrated  in  the  appendix,  could  enhance  our  thinking  about  composite  relationships  across 
disciplinary  boundaries. 

Overall,  the  general  conclusion  to  be  derived  from  the  total  efforts  of  the  present  report  is  that 
the  Khrgian-Mazin  distribution  function  applied  to  cloud  physics  endeavors  is  highly  versatile 
and  extremely  useful. 


14.  RECOBCMENDATIONS 

A  number  of  suggestions  and  recommendations  were  made  at  various  points  of  the  text. 

Some  of  these  will  be  reiterated  and  others  advanced. 

It  is  recommended,  first  of  all,  that  consolidation  efforts  should  be  extended  to  insure  the 
continuity  and  consistency  of  theoretical  and  empirical  findings  across  the  class  boundaries  of 
the  many  diverse  fields  of  endeavor  that  are  important  to  precipitation  development  in  the  atmo¬ 
sphere — from  nuclei  initiation  to  rain/snowfall  completion.  Extensive  knowledge  is  available,  but 
it  is  compartmented  and  requires  quantitative  consolidation. 

With  regard  to  visibility,  which  is  a  field  in  which  any  enhancement  of  accuracy  will  profitably 
affect  all  other  fields,  the  obvious  need  was  noted  for  a  quantitative  measure  of  “contrast” — gray¬ 
scale  contrasts  and  color  contrasts  and  combinations  (which  are  the  major  factor  that  dominate 
visibility  uncertainty).  Such  contrast  information  is  undoubtedly  available  in  the  fields  and  litera¬ 
ture  of  photonics,  lithography,  photography,  human-visual-acuity,  instrumental-vision-enhance¬ 
ment,  camouflage,  astronomy,  satellite  observations,  architecture,  etc.  (For  example,  it  might  be 
mentioned  that  the  minimum  resolvable  solid  angle  of  the  human  eye  is  about  1  /60°  giving  3440 
as  the  value  of  the  constant  of  Eq.  (123),  which,  in  turn,  from  Eq.  (124),  3nelds  a  Koschmieder 
threshold-of-contrast  value  of  =  0.055.  It  might  additionally  be  mentioned  that  the  determina¬ 
tion  of  visibility  by  instrumental  means  will  necessarily  be  highly  involved  in  the  general  field  of 
photonics  with  truncation  effects  considered.)  Another  factor  of  importance,  dependent  on  the 
precise  situation  (such  as  viewing  objects  looking  across  a  strongly-heated  ground  surface),  is 
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that  of  atmospheric  turbulence.  This  scintillation  effect  will  tend  to  cause  objects  to  appear 
“fuzzy"  and  will  act  to  reduce  contrast  by  aberrative  reduction  of  resolution.  A  literature  survey 
concerned  with  atmospheric  visibility  and  conducted  along  the  lines  noted  here  should  quickly 
enhance  accuracy  and  lead  to  better  visibility  equations. 

It  was  also  suggested  that  theoretical  efforts  with  Mie  theory  and  atmospheric  diffraction 
theory  could  reduce  visibility  uncertainty  by  providing  better  estimates  of  the  extinction  ratio  for 
cloud  droplets  (also  for  aerosols  and  rain).  This  is  recommended  but  it  should  be  noted  that  there 
is  a  threshold  level  of  minimum  uncertainty,  perhaps  irreducible,  that  is  associated  with  the 
secondary  effects  of  multiple  diffractions,  internal  reflections  and  scattering  that  may  be  impos¬ 
sible  to  quantify. 

In  radar  meteorology,  an  obvious  need  exists  for  continuing  the  development  of  radars  (prob¬ 
ably  in  the  K^-Band)  that  can  efiiciently  detect  clouds  and  utilize  various  of  the  relations  pointed 
out  herein.  Presently,  few  such  radars  are  operationally  available.  They  could  contribute  much. 
Research  persons  in  the  lidar  field  might  profitably  utilize  certain  of  the  equations  developed 
herein,  expecially  that  for  the  reflectivity  factor.  It  is  also  concluded  that  the  use  of  IR  lidars  for 
cloud  studies  will  be  difficult,  since  such  lidars  would  operate  in  the  Mie  region. 

As  mentioned  in  the  report,  it  is  suggested  that  “visibility  markers"  should  be  devised  and 
installed  at  synoptic  and  airway  reporting  sites.  These  would  be  markers  designed  specifically  to 
provide  constant,  unchanging  reference  values  of  contrast  and  feature  detail  at  carefully  surv'eyed 
ranges  (common  or  different)  from  the  observing  site(s).  The  accuracy  of  visibility  reporting  could 
be  enhanced  considerably  by  the  use  of  such  markers  and  the  reports  would  become  more  "site 
specific"  (as  is  important  at  airports),  since  the  ranges  and  spacings  of  the  markers  (covering  a 
360°  sweep  of  horizon)  would  establish  the  “representativeness  resolution”  of  the  observations 
and  reports.  This  resolution  is  under  our  complete  control. 

Finally,  it  is  recommended  that  some  first  approach  sould  be  undertaken  to  “clean  up"  visibil¬ 
ity  terminology  and  sjmibology. 
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Appendix  A 

Composite  Distributions 


During  the  SAMS/ABRES  Program,  after  each  missile  launch  or  re-entry  occurrence,  AFGL 
provided  predicted,  tabulated  values  of  the  size  distribution  and  number  concentration  of  the 
hydrometeors  that  were  likely  to  be  present  along  the  path  courses  of  the  vehicles.  These  efforts 
have  been  reported  by  ’  iank®  ®‘'  (1974a.  b  and  c).  Barnes.  Nelson  and  Metcalf'"  (1974). 

Berthel'^  (1976).  Plai.k'  (1977),  Plank.  Berthel  and  Barnes'-’  (1980)  and  Plank  and  Berthel^ 


'*  Plank.  V.G.  (1974)  Liquid-water  contenl  and  Hydrometeor  Size-distribution  Inlormatiott  for  the  SAMS  Missile  Flights  of  the 
1971-72  Season  at  Wallops  Island.  Virginia.  APCRL/SAMS  Report  No.  3.  AFCRll-TR  74  0296.  AD  A002370.  Special  Report 
No.  178,  143  pp. 


“  Plank.  V.G.  (1974)  Hydrometeor  Parameters  Determined  from  the  Radar  Data  of  the  SAMS  Rain  Erosion  Program. 
AFCRL/SAMS  Report  No'.  2.  .AFCRL-TR-74  0249,  AD  786454.  FRP  No  477.  86  pp'. 


Plank,  V.G.  (1974)  A  Summary  of  the  Radar  Equations  and  Measurement  Techniques  Used  in  the  SAMS  Rain  Erosion 
Program  at  Wallops  Island.  Virginia.  AFCRL/SAMS  Report  No.  I.  AFCRL-TR-74  0053.  Special  Report  No.  172.  108  pp.,  AD 
778  095. 


'''  Barnes.  A.A..  Nelson.  L.D..  and  Metcalf.  J.I.  (1974)  Weather  docunientation  at  Kwajalein  Missile  Ranije.  6th  Conf.  on 
Aerospace  and  Aeronautical  Meteorology.  Anier.  Meteor.  Soe..  66-69.  Air  Force  Snr\’evs  in  Geophysics,  No.  292,  AFCRL 
TR- 74-0430,  AD  A000925,  14  pp. 

“  Berthel.  R.O.  (1976)  A  Climatology  of  Selected  Storms  for  Wallops  Island.  Virginia.  1971-1975.  SAMS  Report  No.  4 
AFGL-TR- 76-01 18.  FRP  No.  563.  ADA  029  354. 


'  Plank.  V.G.  (1977)  Hydrometeor  Data  and  Analytical-theoretical  Investigations  Pertaining  to  the  SAMS  Missile  Flights  of 
the  1972-73  Season  at  Wallops  Island.  Virginia.  AFCRL/SAMS  Report  No.' 5.  AFGL-TR- 77-6 149.  AD  A051  192.  ERP  No, 
603.  239  pp. 


Plank.  V.G,.  Berthel.  R.O..  and  Barnes,  A. A.  (1980)  An  improved  method  for  obtaining  water  content  values  of  ice 
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(1982).  and  also  in  numerous  informal  AFGL  reports  documenting  the  specific  missions,  the  so- 
called  "60-day  reports". 

In  these  efforts,  the  end  purpose  was  to  provide  the  BMO  (Ballistic  Missile  Office)  with  tabula¬ 
tions  of  estimated  hydrometeor  number-concentration  and  LWC  over  a  size  range  of  1  to  >5000  p  m 
by  altitude  layers  from  the  surface  to  the  storm  top.  In  10  pm  class  widths,  some  500  total  linear 
classes  would  have  been  required  to  span  the  size  range — a  ridiculous  number  that  would  have 
provided  good  resolution  for  the  cloud  size-range  of  particles  (in  20  classes)  but  would  have  been 
grossly  excessive  in  the  precipitation  size-range  (with  >480  classes).  Using  100  pm  class  widths, 
some  50  total  classes  would  have  been  needed — still  too  many  for  practical  tabulation  and  having 
the  nasty  consequence  that  the  entire  cloud  size-range  would  have  been  documented  in  only  2 
classes.  To  handle  these  problems,  class  widths  were  specified  to  increase  in  geometric  progression 
from  the  smallest  class  to  the  largest.  Ten  classes  were  defined  for  the  cloud  size-range  that 
spanned  diameters  from  0.8  to  80  pm  (80  pm  was  the  maximum  detectable  size  of  the  JW  instru¬ 
ment  that  provided  the  basic  computational  information.).  The  geometric  spacing  yielded  eleven 
additional  classes  in  the  precipitation  size-range  covering  diameters  from  80  to  12,600  pm  (diam¬ 
eters  larger  than  the  5000  pm  breakup  size  of  rain  were  required  to  handle  large  snow  aggregates). 
The  tables  for  the  BMO  were  thus  held  within  reasonable  size  limits  for  report  incorporation. 

Another  problem  existed  in  trying  to  bridge  the  disciplines  of  cloud  physics  and  precipitation 
physics.  Much  empirical  data,  in  cloud  physics,  existed  to  show  that  a  distribution  function,  such 
as  the  Khrgian-Mazin  function  discussed  herein,  provided  a  reasonable  description  for  cloud  sizes 
between  about  1  pm  and  100-200  pm.  Overwhelming  data  existed,  in  precipitation  physics,  to 
show  that  rain  (also  snow)  was  well-described  by  a  distribution  function  of  exponential  type  (a 
zero-order  Gamma  function).  The  problem  was  that,  when  the  separate  distribution  solutions  for 
clouds  and  precipitation  were  "joined  together"  at  a  boundary  in  the  drizzle  size-range  of  hydrom¬ 
eteors.  a  discontinuity  of  number  concentration,  LWC  and  other  quantities  existed  across  the 
boundary  in  the  tabulations.  This  discontinuity  had  serious  consequences  for  the  BMO  users  of 
our  tables,  since  BMO  was  attempting  to  assess  the  "nose  cone  erosion"  on  re-entry  vehicles 
moving  through  the  storm  hydrometeor  environments.  Hydrometeors  with  masses  larger  than  a 
certain  critical  mass  would  "pass  through"  the  bow-shock-wave  to  cause  erosion.  Those  with 
smaller  masses  would  not.  The  discontinuity  in  our  tabulations  occurred  in  the  same  approxi¬ 
mate  size  (mass)  range  as  that  critical  for  the  "onset  of  erosion".  The  problem  was  caused  by  a 
lack  of  consolidation  between  separate  fields  of  endeavor. 

It  was  recognized,  at  the  time,  that  the  separate  distribution  solutions  could  have  been  added 
together  to  eliminate  the  discontinuity.  However,  because  of  other  operational  pressures,  such  a 
technique  was  never  developed  for  employment. 

The  previous  comments  indicate  several  of  the  problems  that  me  encountered  in  our  attempts 
to  employ  cloud-physics  and  precipitation-physics  knowledge  in  a  specific  cross-disciplinary  appli¬ 
cation.  There  are  many  other  situations  in  the  general  field  of  aerosol /hydrometeor  physics  that 
require  consolidation  among  the  separate  fields  of  aerosol,  cloud,  and  precipitation  physics.  For 
example,  in  visibility  forecasting,  it  is  noticed  that  the  atmosphere  always  contains  aerosols  with 
cross-sectional  areas  that,  at  one  extreme,  may  impose  such  slight  visibility  reduction  as  to  be 
regarded  as  negligible  (unlimited,  30-100  miles  or  greater),  but.  at  the  other  extreme,  with  large 
relative  humidity  and  copious  sources  of  pollutants  and  smoke  (especially  in  topographical  “ba¬ 
sins").  the  aerosol  cross-sections  may  cause  a  large  decrease  of  visibility,  to  a  mile  or  so.  Certainly. 
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then,  aerosols  cannot  be  ignored  in  visibility  forecasting.  Clouds  also  cannot  be  ignored,  almost  by 
definition,  since  they  are  the  prime  contributors  to  severe  diminishment  of  visibility  as  discussed  in 
Sections  6-9.  Precipitation  (rain  and  particularly  snow)  is  likewise  important  to  degraded  visibility. 
Heavy  rain,  by  itself,  can  impose  visibility  hazards  to  aircraft  flight  operations  and  automobile 
traffic.  Snow  can  cause  even  more  severe  hazards.  Visibility  forecasting  must,  therefore,  incorporate 
knowledge  of  the  number  concentrations  and  cross-sectional  areas  of  aerosols,  clouds,  and  precipi¬ 
tation.  somehow  consolidating  the  separate  findings  of  the  three  fields  of  endeavor. 

Within  the  confines  of  this  appendix,  it  is  only  possible  to  outline  the  general  nature  of  the 
distributions  in  the  three  disciplinary  areas  and  to  indicate  how  the  distributions  should  appear 
with  consolidation.  Distribution  functions,  all  of  them  Gamma  functions,  are  presented  in  their 
final,  applied  form.  The  derivation  details  of  the  equations  are  not  presented.  Five  figures  have  been 
constructed  and  are  furnished  at  the  end  of  the  appendix.  Figure  A1  shows  the  distributions  of 
number  concentration  for  several  situations  th  :•  will  be  identified.  Figure  A2  is  a  companion  dia¬ 
gram  to  Figure  A1  that  illustrates  a  particular  composite  distribution.  Figure  A3  reveals  the  distri¬ 
butions  of  projected  cross-sectional  area,  as  related  to  visibility.  Figure  A4  indicates  the  distribu¬ 
tions  of  particle  mass  or  LWC.  Figure  A5  depicts  the  distributions  of  the  radar  reflectivity  factor. 

The  scale  limits  of  each  figure  span  the  minimum  to  maximum  conditions  likely  to  be  encountered 
in  the  atmosphere  that  are  important  to  v^arious  aspects  of  the  three  disciplines.  It  might  be  noted 
that  the  simple  plotting  of  the  distributions  on  common  scales  is  highly  revealing  by  itself.  This 
must  be  approximately  how  the  distribution  totalities  of  aerosols/hydrometeors  should  appear,  if  we 
accept  the  careful,  long-term  findings  of  the  numerous  research  persons  in  each  of  the  fields. 

Al.  PERTINENT  EQUATIONS 

For  clouds,  the  final  equations  based  on  the  Khrgian-Mazin  distribution  function  have  been 
developed  in  the  main  text  herein.  The  pertinent  equations  are  numbers  41  and  60-74  (si  e  pages 
17.  26  and  27). 

For  rain,  the  final  developed  equations  based  on  the  exponential  distribution  function  and  the 
work  of  Plank'  (1977)  are  presented  below  without  extensive  comment.  Tlie  equations  apply  to  rain 
of  the  Joss  et  al'"'  (1968)  widespread  type  (as  normally  observed  in  the  AFGL/SAMS  program).  Also, 
since  an  exponential  function  has  no  modal  peak  (no  maximum  of  N,j.  except,  in  a  sense,  at  D  =  d). 
the  number  concentration  equations  were  written  in  terms  of  the  "exponential  slope”  quantity  A. 
and  the  liquid  water  content.  M.  The  other  equations  are  written  in  terms  of  the  modal  diameters 
D'^.  D!^  and  D'^  (plus  M).  and  .A  is  assumed  to  be  determinable  from  measurements  and  M  to  be 
directly  measurable.  The  distributions  of  A,,.  and  2,^  do  hav  e  maxima,  hence  their  modal  diam¬ 
eters  are  noted,  expressed  in  terms  of  A.  The  equations  relating  the  peak  values  of  the  distributed 
quantities  .  A,j,^.  M,,^ .  and  with  the  totals  N.  A.  M.  and  Z  are  also  provided,  as  is  the  visibility 
quantity  V  (ref.  Eqs.  (40).  (41).  and  (42)  in  Section  6.1).  Except  for  r^.  the  truncation  ratios  r^.  r^,. 
and  r^.  which  differ  from  those  for  clouds,  have  been  defined  by  Plank'. 


'  Flank.  V.G.  (1977)  Hydrometcor  Data  and  Analytical  theoretical  Incestiyations  f’ertaininy  to  the  SAMS  Missile  llights  of 
the  1972-73  Season  at  Wallops  Island.  Virginia.  AFC'RL/SAMS  Report  No.  S.  AFGI-  TK  77  0149.  At)  AO.Sl  192.  ERP  No 
603.  239  pp. 


Joss.  J.. Thames.  J.C..  and  Waldvoffel.  A.  (1968)  The  vailallon  ot  raindrop  size  dlsIrlbuUons  al  Gu  arno,  Pioc.  Internatl. 
ConJ.  on  Clond  Physics.  Toronto.  Amer.  Meteor.  Soc.  Moslon.  369. 
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Equations  for  Number  Concentration 


Nq  =  7230  (d  <  D  <  D  J 

A  =2.18M«25o 

(basic  equation  stemming  from  the  M  vs  Z  relation  of  Joss) 

3320  r^ 

N  =  - - 

N  =  7230 

o 

(N^  is  the  D  =  0  intercept  of  N  J 

Equations  for  Projected  Cross-Sectional  Area 

\  =  5.68  X  10-^  D2  e  2  (d  <  D  <  DJ 

D;  =  2/A  =  0.917  M«2so 

1.10  X  10-3  M3  26«  r 
A  =  - i 

1  =910M^^®«r„ 

V  = _  _ 

Ao  =  6.46  X  10-^  M03's 

“Up 

Equations  for  Liquid  Water  Content 

M„  =  3.79  D3  e-2  (d  <  D  <  D  ) 

D  '  nr 

D;^  =  3/A=  1.38M0  2-30 
M  is  assumed  to  have  been  measured 
Mop  =  0.492  M°^68 


No.  m  *  mm  ‘.  (Al) 

mm  ‘.  (A2) 

No.  m  >.  (A3) 

No.  m  3  mm  '.  (A4) 


m  '  mm  ‘.  (A5) 

mm.  (A6) 

m'.  (A7) 

m.  (A8) 

m  '  mm  '.  (A9) 

g  m  ‘  mm  '.  (AlO) 

mm.  (All) 


gm  'mm'.  (A  12) 


'  Plank,  V.G.  (1977)  Hydrometeor  Data  and  Analytical  theoretical  Incest igat ions  Pertaining  to  the  SAMS  Missile  Flights  of 
the  1972-73  Season  at  Wallops  Island.  Virginia.  AFVRL/SAMS  Reix>rl  No.  5.  AI'GI.  TR-77  0149.  AD  A051  192.  KKP  No. 
603.  239  pp. 
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Equations  for  Radar/Lidar  Reflectivity  Factor 

Zy  =  7230  D®  e  2 l)  m 

(d  <  D  <  D  ) 

'  ur 

mm®  m  *  mm  ' . 

(A  13) 

=  6/A  =  2.75 

mm. 

(A  14) 

22,200  M' r. 

mm®  m 

(A  15) 

Z  =  - — 

Zo  =  7750  M* 

Up 

mm®  m  *  mm  ‘ . 

(A  16) 

For  aerosols,  the  final  developed  equations  based  on  the  Diermendjian'^  (1964)  distribution 
function  are  presented  below.  The  equations  express  the  distributed  and  totals  quantities  in 
terms  of  the  modal  diameter.  D'^.  of  the  N„  distribution  and  the  mass  content.  M.  which  are 
presumed  to  be  measurable  or  deducible  quantities.  The  equations  for  the  modal  diameters  of  the 
Ap,  Mq,  and  distributions  are  also  given.  The  equations  relating  the  peak  values  of  the  distrib¬ 
uted  uuantities  N^p.  A^p.  Mpp,  and  Z„p  with  the  totals  N.  A,  M.  and  Z  are  likewise  provided,  as  is 
the  visibility  quantity  V.  The  truncation  ratios  for  aerosols,  which  differ  from  those  for  clouds  and 
rain,  are  not  defined  herein  but  they  are  readily  derived,  with  some  time-consuming  effort,  or  can 
be  obtained  from  the  author. 


Equations  for  Number  Concentration 

3.18X  10“  M  D® 


Nd  = 


(d  <  D  <  D  )  No.  m'^  mm  '.  (A17) 


D’ 


D'  is  a  constant  that  is  assumed  to  be  measurable 


81.8  M  r^ 

N  =  - ^ 

D'  ■*  r 


mm. 


No.  m  '*. 


(A  18) 
(A19) 


Nop  =  2.02  X  10^°  M 


No.  m  '*  mi.*  (A20) 


Equations  for  Projected  Cross-Sectional  Area 

0.0250  M  D«  (d  <  D  <  D  ) 


All  = 


m  ’  mm  '. 


(A21) 


D;  =  1.33  D, 


mm. 


(A22) 


'■*  Dleirnendjian,  D.  (1964)  Scattering  and  polarization  properties  of  water  clouds  and  hazes  in  the  visible  and  infrared. 
AppL  Opt.  3:187-196 
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A 


10^  M 

A 


D' 


N 


r 


M 


nr 


(A23) 


1  10“ 

V  = — _ N_51_ 

A  Mr. 

A 

Aop  =  1.31  X  10^  M 

Equations  for  Blass  Content 

16.7  M  (d  <  D  <  D  ) 

Md  =  - 

D'-o 

Dm  =  1-5  D;, 

M  is  assumed  to  be  measurable 
Mn  =  3170  M 

Up 

Equations  for  Radar /Lidar  Reflectivity  Factor 

3. 18  X  10“  M  D'2  e-«‘’''°N  (d  <  D  <  DJ 

=  ^To 

=  2.00  D„ 

^  1170  MD;r, 

•"m 

=  5.0  X  10-^  M 


Zd 

Dz 

Z 

Zop 


m.  (A24) 

m  ‘  mm  '.  (A25) 

g  m“^  mm  *.  (A26) 

mm.  (A27) 

g  m"**  (A28) 

g  m'**  mm  *.  {A29) 

mm®  m'®  mm’*.  (A30) 

mm.  {A31) 

mm®  m  ®.  (A32) 

mm®  m’®  mm'*.  (A33) 


A2.  SPECIFIC  EQUATION  SOLUTIONS  AND  PLOTS 

The  equation  sets  (A17)-(A33),  for  aerosols.  (60)-(74),  for  water  clouds,  and  (A1)-(A16),  for 
rain,  are  discussed  below  and  illustrated  in  Figures  A1-A5. 

First,  with  regard  to  aerosols,  the  dry-rural  and  dry-tropospheric  aerosol  models  reported  by 
Fenn,  et  al®^  (Figures  18-10  and  18-12),  indicate  that  the  peak  number  concentration  of  the 
aerosols  at  0%  relative  humidity  is  about  =  1.3  xlO®  cm  ®  pm  *  (=  1.3  x  10'“  m  ®  mm  ').  The 


Fenn.  R.W..  Clough.  S.A.,  Gallery.  W.O..  Good.  R.W..  Knelzys.  F.X..  Mill.  J.D..  Rothman.  L.S..  ShetUe.  E.P..  and  Volz. 
F.E.  (1985)  Optical  and  Infrared  Properties  of  the  Atmosphere.  Chap.  18  in  Handbook  of  Geophysics  and  the  Space 
Environment,  Jursa.  A.S..  Ed..  AFGL.  1-80.  ADA  167000. 
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modal  diameter  is  about  =  .025  |im  (=  2.5  x  10  ®  mm).  These  two  pieces  of  information  are 
sufficient  to  solve  the  Diermendjian'^  (1964)  distribution  function  for  aerosols  and  additionally 
solve  all  of  the  dependent  equations  [Eqs.  (A17)-(A33)  herein). 

When  the  above  values  of  and  are  substituted  into  Eq.  (A20).  solved  for  N.  and  ignor¬ 
ing  truncation. 


N  =  3.4  X  10®  m  ®  (=  3400  cm  ®). 


{A34) 


which  gives  the  total  number  concentration  of  the  aerosols  of  a  "dry  model"  between  the  diameter 
limits  0  <  D  <  oo. 

The  mass  content  of  these  aerosols  may  be  deduced  from  Eq.  (A  19).  There  results 


M  =  6.5  X  10  ^  g  m  * 


(A35) 


which  value  carries  an  assumption  that  the  density  of  the  aerosols  is.  on  the  average,  for  all  types 
of  solid,  liquid-chemical,  and  "fluffy”  particles,  approximately  equal  to  that  of  water,  that  is.  = 
1.0  g  cm'^. 

The  distribution  of  the  number  concentration  of  the  aerosols  with  diameter  is  specified  by 
Eq.  (A17).  A  partial  plot  of  the  distribution  is  presented  in  Figure  Al.  under  the  section  labeled 
aerosols  and  identified  as  The  distribution  represents  a  "minimum  condition"  for  the  atmo¬ 
sphere.  Values  smaller  than  these  would  not  normally  be  anticipated. 

The  total  projected  cross-sectional  area  of  the  aerosols  is.  from  Equation  A23. 


A  =  2.6x10-®  m-'. 


and  the  visibility  quemtity  is 


V  =  — =  3.8  X  10^  m  =  240  miles. 
A 


The  maximum  recognition  visibility  is 


V  ln(l/e) 

V  =  — ; -  m. 


{A36) 


(A37) 


(A38) 


[reference  Eq.  (48)1  which,  if  we  assume  optimum  contrast  conditions  [ln(l/e)  =  1.0]  and  an 
extinction  coefficient  of  =  2.0.  yields 


V  =  1.9  X  10®  m  =  120  miles. 


(A39) 


Diermendjlan.  D.  (1964)  Scattering  and  polarization  properties  of  water  clouds  and  hazes  in  the  visible  and  infrared. 
Appl.  Opt.  3: 187-196 
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This  is  a  large  visibility.  But  it  is  quite  consistent  with  the  minimum  concentration  of  the 
aerosols  of  the  dry  model.  Such  visibilities  are  common  in  the  western  United  States,  as  in  Wyo¬ 
ming,  for  example. 

The  distribution  of  the  cross-sectional  area  of  the  aerosols  with  diameter  is  given  by 
Eq.  (A21).  A  partial  plot  of  this  equation  is  shown  in  Figure  A3,  in  the  aerosol  section,  also  labeled 
“Z£\”.  (The  distribution  of  visibility,  in  non-dimensional  terms,  could  also  be  plotted.  This  fact  is 
merely  noted,  though,  since  such  plots  would  be  superfluous.) 

The  distribution  of  aerosol  mass  content  with  diameter  is  described  by  Eq.  (A26).  A  partial 
plot  is  furnished  in  Figure  A4,  identified  by 

The  total  radar/lidar  reflectivity  factor  is.  from  Eq.  (A32), 

Z  =  1.9  X  10  mm®  m^  (=  -169  dBZ).  (A40) 

A  partial  plot  of  the  distribution  of  Z  with  D,  from  Eq.  (A30).  is  presented  in  Figure  A5.  like¬ 
wise  symbolized  by  “A". 

It  is  postulated  that  the  mass  loadings  of  aerosols  in  the  atmosphere  under  “smoggy”  condi¬ 
tions  (with  generation  from  many  industrial/automotive  sources)  might  be  several  orders  of 
magnitude  greater  than  those  of  the  dry  model.  In  this  regard,  two  mass  loadings  larger  than 
minimum  were  assumed.  The  first  was  M  =  5  x  10“®  g  m  ■®,  the  second  was  M  =  10^  g  m  ■®.  These 
assumed  values  were  not  selected  arbitrarily.  They  were  chosen  to  represent  aerosol  conditions 
that  might  be  described  as  “moderate”  and  “severe",  also  to  serve  discursive  and  illustrative 
purposes  vis-a-vis  the  cloud  distributions  to  be  presented. 

For  each  of  the  mass  contents  cited  above,  and  with  Dj^  assumed  constant  =  2.5  x  10  ®  mm. 
the  equation  set  (A17)-(A33)  was  solved  in  a  manner  analogous  to  that  outlined  above.  The  results 
were: 

For  M  s  5  X  g  m~^,  with  plotting  symbol 


N  =  2.6x  10'° 

m® 

(=  26,000  cm  ®). 

A  =  2.0  X  10  ® 

m' 

V  =  5  X  1(P 

m 

(=  31  mi). 

Vs2.5x  ICP 

m 

{=  15.5  mi). 

Z  =  9.1  X  10-'^ 

mm®  m  ® 

(=-160  dBZ). 

M  =  10-«  g  m-^ 

with  plotting  symbol 

N  =  5.2  X  10" 

m® 

(=  520.000  cm  ®). 

A  =  4.0  X  10^ 

m* 

V  =  2500 

m 

(=  1.6  mi). 

V  =  1250 

m 

(=  .80  mi). 

Z  =  2.9  X  10-® 

mm®  m  ® 

(=  -55  dBZ). 

Partial  plots  of  the  distribution  equations  (A17).  (A21).  (A26)  and  (A30)  are  shown  in  Figures 
A1-A5.  Those  for  the  “moderate"  M  value  of  5  x  10  ®  g  m  ’  are  symbolized  by  “A";  those  for  the 
“severe”  M  value  of  10^  g  m^^  are  identified  by  “A". 


100 


Discussion  of  these  aerosols  results  and  plots  will  be  withheld  until  the  cloud  distributions 
and  rain  distributions  are  also  presented. 

The  distribution  and  totals  equations  for  clouds  were  developed  herein.  The  equation  set, 
based  on  the  distribution  function  of  Khrgian  and  Mazin,  is  comprised  of  Eqs.  (60)-(74).  The 
format  of  the  set  is  the  same  as  that  for  aerosols.  The  cloud  set  of  equations  was  solved  for  the 
three  M  values,  M  =  10"*  g  m  ®  (light),  and  M  =  0.01  g  m‘^  (moderate)  and  M  =  1.0  g  m  ^  (heavy), 
with  of  Eq.  (A38)  assumed  to  be  1.5.  The  results  are  listed  below. 


For  M  s  10~*  g  m~®,  with  plotting  symbol  “|T]“. 

N  =  4.43  X  10^ 

m® 

(=  44.3  cm  ®). 

A  =  7.21  X  10® 

m' 

V  =  1.39  X  10'* 

m 

(=  8.6  miles). 

V  =  9300 

m 

(=  5.7  miles). 

Z  =  4.62  X  10  ® 

mm®  m  ® 

(=  -83  dBZ), 

'  M  s  0.01  g  mr^ 

*,  with  plotting  symbol  “1^”. 

N  =  1.06  X  10® 

m  ® 

(=  106  cm  ®). 

A  =  0.00208 

m‘ 

V  =  48.1 

m 

(=  0.300  mi  =  1580  ft) 

V  =  32 

m 

(=  0.20  mi  =  1060  ft). 

Z=  1.93x  10® 

mm®  m'® 

(=  -47  dBZ), 

M  s  1.0  g  m-®. 

with  plotting  symbol  “HI”, 

N  =  2.55  X  10® 

m® 

(=  255  cm"®). 

A  =  0.0600 

m'‘ 

• 

V  =  16.7 

m 

{=  54.7  ft). 

Va  11 

m 

(=  36  ft). 

Z  =  0.0803 

mm®  m  ® 

(=  -1 1  dBZ). 

Partial  plots  of  the  distribution  equations  for  clouds,  Eqs.  (60),  (64),  (68),  and  (71)  are 
furnished  in  Figures  A1-A5.  They  are  symbolized  as  indicated  in  the  headings  of  the  listings 
above. 

The  equation  set  for  rain,  based  on  an  exponential  distribution  function,  is  composed  of  Eqs. 
(A1)-(A16).  The  format  of  the  set  is  analogous  to  those  for  aerosols  and  clouds,  with  the  minor 
exception  that  Eq.  (A2)  contains  the  “exponential  slope”  quantity.  A,  rather  than  the  modal  diam¬ 
eter,  DJ^,  of  the  like  equations  of  the  other  sets. 

The  distribution  and  totals  equations  of  the  rain  set  were  evaluated  for  the  three  M  values. 

M  =  0. 1  g  m'^  (small),  M  =  1.0  g  m'^  (moderate)  and  10  g  m'®  (large),  with  of  Eq.  (A38)  assumed 
to  be  1 .0.  Additionally,  the  rain  rates,  R,  corresponding  to  the  M  values,  were  computed  from  the 
equation  of  Plank®®  (1974b)  for  rain  of  the  Joss  et  al®®  widespread  type,  that  is. 


Plank,  V.G.  (1974)  A  Summary  of  the  Radar  Equations  and  Measurement  Techniques  Used  in  the  SAMS  Rain  Erosion 
Program  at  Wallops  Island,  Virginia.  AFCRL/SAMS  Report  No.  I.  AFCRL-TR- 74-0053.  Special  Report  No.  172.  108  pp..  AD 
778  095. 

“  Joss,  J..  Tlianies.  J.C..  and  Waldvogel.  A.  (1968)  The  variation  of  raindrop  size  distributions  at  Locarno.  Proc.  Intemati 
Conj.  on  Cloud  Physics.  Toronto,  Amer.  Meteor.  Soc.,  Boston,  369. 
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R  =  19.9  M"« 


mm  hr  ' 


(A41) 


The  rain-rate  categories  noted  are  from  the  Federal  Meteorological  Handbook  (FMHB-IB). 
The  findings  of  these  computations  were. 

For  M  s  0.1  g  m'^.  with  plotting  symbol  'tl)". 


N  =  1810 

m  * 

(=  1.81  X  10  3  cm  -'). 

A=  1.88x  10  ^ 

m  ' 

V  =  5530 

m 

(=  3.31  mi). 

V  =  V 

m 

Z  =  377 

mm®  m  * 

(=  26  dBZ). 

R=  1.5 

mm  hr' 

(very  light). 

'  M  =  1.0  g  with  plotting  symbol  ~(D". 

N  =  3320 

m  3 

(=  3.32  X  10  3  cm  3). 

A=  1.10  X  10^ 

m  ' 

V  =  909 

m 

(=  0.565  mi  =  2980  ft) 

> 

III 

> 

m 

Z  =  2.22  X  10^ 

mm®  m  3 

(=  43  dBZ). 

R  =  20 

mm  hr  ' 

(heavy). 

M  =  10  g  m'^,  with  plotting  symbol 

“(D”. 

N  =  6100 

m-3 

(=  6.10X  10-3  cm  3). 

A  =  6.45  X  10-3 

m' 

, 

V  =  155 

m 

(=  500  ft). 

V  =  V 

m 

Z=  1.31  X  10« 

mm®  m-3 

(=61  dBZ). 

R  =  290 

mm  hr' 

(very  intense). 

A3.  DESCRIPnON  OF  FIGURES 


The  approximate  diameter  limits  of  the  aerosol  particles,  cloud  droplets  and  rain  drops  are 
indicated  in  Figure.  A1-A5  by  the  horizontal  arrows  in  the  upper  portions  of  the  figures.  There  is 
appreciable  diameter  overlap  between  aerosols  and  clouds  and  between  clouds  and  rain.  More¬ 
over.  as  indicated  in  Figure  A1  at  the  upper  left,  there  are  entities,  such  as  polar  molecules 
(ionized  clusters  of  water  vapor  molecules  (or  other  clusters)]  that  exist  in  large  number  concen¬ 
tration  at  sizes  smaller  than  conventionally  considered  to  be  aerosols. 

The  distribution  plots  specified  in  the  previous  section  are  shown  plotted  on  common  scales 
in  the  figures.  Except  for  Figure  A2.  they  extend  across  the  full  conceivable  range  of  distribution 
values  involved  in  any  and  all  of  the  three  fields  of  endeavor.  This  results  in  “gross  overplots"  in 
certain  instances  but  also  provides  "thinking  references"  concerning  present  or  future  possibili¬ 
ties  and  problems. 

The  distributions  plots  are  symbol-coded  as  A.  and  for  aerosols,  as  [U.  [?].  and  H].  for 
clouds  and  as  ®.  (D.  and  ®.  for  rain.  The  I  s  signify  conditions  that,  in  each  discipline,  would  be 
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regarded  as  small  or  “near  minimum",  the  2’s  indicate  moderate  conditions,  and  the  3’s  illustrate 
conditions  that  are  large  or  “near  maximum". 

Two  diameter  scales  have  been  drafted  on  each  of  the  figures  for  reader  convenience.  The 
bottom  scale  gives  diameter  in  mm;  the  upper  provides  it  in  pm.  Two  scales  of  the  distributed 
quantities  are  likewise  provided.  The  left  hand  scales  show  distribution  per  millimeter  bandwidth 
(for  precipitation  physicists);  those  at  the  right  show  distribution  per  micrometer  bandwidth  (for 
cloud  and  aerosol  physicists).  Also,  in  Figures  A1  and  A2,  the  right  hand  scale  gives  No.  cm  *, 
rather  than  No.  m  as  at  left. 

The  arrows,  pointing  right  from  the  curves  of  the  aerosol  distributions  indicate  how  the 
distributions  should  shift  to  the  right  with  increases  in  the  relative  humidity  (rh)  of  the  atmo¬ 
sphere  (reference  Fenn.  et  al,^^  loc.  cit..  Figures  18-10,  18-11  and  18-12,  for  example).  It  is  pre¬ 
sumed  that  one  hundred  percent  rh  exists  at  the  tips  of  the  arrows,  to  a  rough  first  approxima¬ 
tion. 

The  black  dots  at  the  right  hemd  ends  of  the  ®  and  ®  curves  of  the  rain  distributions  indi¬ 
cate  the  diameter  truncation  of  raindrops  that  occurs  naturally  at  their  breakup  size  of  a  5 
mm  (=  5000  pm).  (The  ®  curve  does  not  attain  breakup  size  (for  any  Nj,  >  0. 1  m'^  mm  ').)  The 
matter  of  “breakup  truncation"  in  rain  and  the  necessity  for  compensation  will  be  addressed  in 
the  following  section. 

The  distribution  of  number  concentration  for  each  of  the  fields  of  endeavor  are  shown  in 
Figure  Al.  The  distributions  of  projected,  cross-sectional  area  (A^)  are  displayed  in  Figure  A3.  The 
distributions  of  mass/LWC  (MJ  are  presented  in  Figure  A4  and  the  ones  for  radar/lidar 
reflectivity  factor  (Z^)  are  indicated  in  Figure  A5. 

No  attempt  has  been  made  to  “connect”  the  aerosol,  cloud  and  rain  curves  of  Figures  Al,  A3, 
A4,  and  A5  as  would  result  from  the  “adding  together"  (or  consolidation)  of  the  distributions  for 
-.ach.  There  are  simply  too  many  combinatorial  possibilities  that  would  cause  the  figures  to 
become  hopelessly  confused,  if  such  illustration  were  attempted.  (Some  of  the  possibilities  will  be 
Indicated  presently.)  It  may  be  noted,  though,  that,  since  the  figures  cited  all  have  logarithmic 
plotting  scales,  the  “connection  segments"  between  plots  resulting  from  addition  are  “short  and 
abrupt”.  An  example  of  a  composite  distribution  resulting  from  the  addition  of  the  S,  and  @ 
curves  (for  moderate  conditions  overall)  is  provided  in  Figure  A2.  To  be  more  specific,  the  compos¬ 
ite  distribution  of  Figure  A2  is  comprised  of  the  sum  of  Ekj.  (A17)  plus  Eq.  (60)  plus  (Al),  as 
evaluated  for  the  particular  conditions  noted  in  Section  A2.  It  is  seen,  in  comparison  with  Figure 
Al,  that  the  “connection  segments”  resul'  ^g  from  addition  are  indeed  “short  and  abrupt".  They 
can  be  “mentally  supplied”  for  any  of  the  distribution  plots,  N^,  A^,  M^,  or  Z^,  of  Figures  Al,  A3, 
A4,  and  A5  respectively,  for  any  combination  of  aerosol/cloud/rain  interest  of  the  reader’s  choice. 

A4.  DISCUSSION 

The  discussion  of  this  section  is  organized  to  indicate  some  general  considerations  first.  Then 
the  specific  equations  for  number  concentration  will  be  considered  to  be  followed  by  equal  consid¬ 
eration  of  the  equations  for  projected,  cross-sectional  area  (and  visibility),  for  th.  equations  of 
particulate  mass  content/liquid-water  content  (and  rain),  and  for  the  equations  for  the  radar/ 
Ildar  reflectivity  factor  (and  detectabilities). 
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It  is  assumed,  with  regard  to  the  distribution  plots  shown  in  Figures  Al.  A3,  and  A4.  that  the 
curves  may  be  referenced  singly  or  in  composite  terms,  (following  the  example  of  Figure  A2)  with 
the  reader  requested  to  supply  the  necessary  “mental  interconnections".  This  request  arises  from 
the  infinity  of  possible  interconnections  of  interest  across  the  three  disciplines.  For  example,  just 
from  the  nine  distribution  curves  displayed  in  Figure  A3,  there  are  nine  possible  unimodal  distri¬ 
butions.  For  “added"  or  “composite"  distributions,  there  are  18  possible,  continuous,  bi-modal 
distributions  and  27  possible,  continuous,  tri-modal  distributions.  Thus,  the  total  possibilities  are 
54.  The  same  number  of  possibilities  exist  for  the  distribution  curves  in  each  of  the  figures  Al . 

A4,  and  A5.  However,  in  Figure  Al.  since  the  distributions  for  rain  have  no  modes,  we  can  only 
speak  of  unimodal  distributions  or,  on  summation,  bi-modal  distributions.  The  reader  can  now 
appreciate  the  author’s  request  for  indulgence.  There  are  216  possible  combinations  contained  in 
the  figures  cited  just  for  the  three  atmospheric  states  classified  approximately  as  small,  medium 
and  large. 

It  is  pertinent  to  emphasize  that  the  possibilities  cited  above  are  quite  real  and  do  represent 
atmospheric  situations  of  common  or  occasional  occurrence.  Aerosols  are  ever-present.  Clouds 
(fogs)  can  exist  without  the  presence  of  rain.  Rain  can  exist  by  itself,  without  clouds,  as  at  the 
ground  below  cloud  base  or  between  cloud  decks  aloft.  The  bi-modal  distributions  will  result 
primarily  from  aerosols  plus  clouds  or  from  clouds  plus  rain.  Tri-modality  involves  all  entities, 
with  different  degrees  of  contribution  from  each. 

Truncation  should  also  be  discussed.  As  noted  previously,  two  types  of  truncation  are  of 
concern.  First,  there  is  the  truncation  associated  with  natural  atmospheric  processes.  The  prime 
example  of  this  is  the  natural  truncation  of  our  descriptor  equations  that  occurs  at  the  upper  size 
limit  for  rain,  when  the  rain  drops  attain  their  a  5  mm  breakup  diameter.  This  upper-diameter 
truncation  is  Illustrated  by  the  black  dots  at  the  right  hand  sides  of  Figures  A1-A5.  The  trunca¬ 
tion  is  rather  innocuous  for  distributed  number  concentration,  N,j,  but  it  progressively  becomes 
more  severe  for  the  larger  diameter  moments  of  distribution  Aj,,  M,,.  and  Z„.  The  truncation  effects 
on  Np  may  be  neglected  with  littk  'oss  of  description  accuracy  but  the  effects  on  A,,,  Mp  and 
especially  Zp  should  certainly  be  considered. 

With  regard  to  natural  truncation  involving  the  composite  equations  of  this  appendix,  the 
summed  distribution  equations  for  aerosols,  clouds  and  rain  (if  all  are  present  in  the  given  situa¬ 
tion)  may  simply  be  integrated  from  D  =  0  to  D  =  D  .  Taking  the  lower  limit  as  D  =  0  results  in 
negligible  loss  of  accuracy  cind  greatly  simplifies  the  equations  for  the  truncation  ratios,  which 
then  become  dependent  on  only  the  upper  diameter  limit 

For  situations  in  which  aerosols  and  clouds  exist  without  rain,  the  composite  equations  will 
be  descriptive  between  D  =  0  and  a  that  is  recommended  to  be  taken  at  the  upper  size  limit 
that  conventionally  defines  “drizzle.”  that  is,  =  0.2  mm  (200  pm).  For  situations  in  which 
aerosols  are  of  negligible  importance,  such  as  for  (Figure  A5),  and  clouds  and  rain  are  the 
primary  hydrometeors  of  interest,  it  is  suggested  thi  t  the  descriptive  and  integration  limits  of  D  = 
d  =  10^  mm  (0. 1pm)  and  D  =  =  0.2  mm  (200  pm)  are  appropriate. 

If  these  suggested  size  limits  of  descriptivity  and  integration  arc  accepted,  and  if  the  compos¬ 
ite  equations  are  programmed  for  computer  solution,  the  programming  will  be  relatively  simple. 
However,  the  reader  can  intuit  that  valuable  computer  time  will  be  expended  in  computing  equa¬ 
tion  values,  in  composite  addition,  that  are  insignificant  relative  to  other  values  involved  in  the 
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addition.  This  excess  expenditure  of  computer  time  can  be  minimized  by  specifying,  in  the  pro¬ 
gram.  a  threshold  level  of  interest  (in  the  N^.  A,j,  M,j.  or  values)  below  which  computation  is  not 
p)ermitted  and  a  zero  value  is  substituted. 

The  second  type  of  truncation  involves  instruments — the  interpretation  of  their  data  based  on 
their  size  limitations  of  measurement,  (reference  Figures  1-3  and  associated  commentaiy),  also 
concerning  the  planning  and  design  of  new  instruments  to  meet  particular  objectives.  With  such 
truncation,  a  minimum  size  limit  D  =  d  and  a  maximum  size  limit  D  =  will  usually  exist  and 
the  distributed  and  totals  quantities  will  be  confined  between  these  limits.  For  composite  distri¬ 
butions,  such  as  herein,  the  problems  of  integrating  between  the  definite  limits  d  <  D  <  and 
securing  appropriate  truncation  ratios,  where  d  and  will  differ  with  the  given  instrument,  are 
rather  complex.  But  the  problems  ore  solvable  and  it  is  recommended  that  they  should  be  solved 
as  part  of  the  specifications  of  any  instrument  offered  for  research  purposes  for  commercial  sale. 

We  proceed  now  to  discuss  Figure  A1  and  its  companion.  Figure  A2.  It  is  seen,  from  the 
composite  distribution  of  Figure  A2  (for  moderate  conditions  overall)  that  the  distribution  is  bi- 
modal  with  modal  peaks  in  the  aerosol  and  cloud  sections  of  the  figure  and  that  there  is  an 
inflection  zone  joining  the  cloud  and  rain  sections.  The  modal  peak  of  aerosol  contribution  is 
some  5  orders  of  magnitude  larger  than  that  for  clouds  and  some  1 1  orders  of  magnitude  larger 
than  the  inflection  zone  between  clouds  and  rain.  These  huge  differences  and  the  general  appear¬ 
ance  of  the  distribution  gives  one  the  distinct  impression,  mentioned  earlier,  that,  at  least  in 
terms  of  the  number  concentration  of  the  hydrometeors  decreasing  as  the  hydrometeors  grow  to 
precipitation  size,  the  rain  development  process  of  the  atmosphere  (“warm  rain”  specifically) 
occurs  in  a  manner  analogous  to  a  series  of  waterfalls,  or  “a  cascade".  The  impression  is  en¬ 
hanced  by  the  observation  that,  as  relative  humidity  increases,  the  distribution  portion  for  aero¬ 
sols  moves  to  the  right,  further  into  the  figure  portion  for  clouds.  The  distributed  number  concen¬ 
trations  of  the  cloud  droplets  with  increased  LWC  (as  cam  be  seen  from  the  U],  [U,  and  [1]  distri¬ 
butions  of  Figure  Al)  likewise  move  to  the  right,  further  intc  the  figure  portion  for  rain.  The  rain 
distributions,  too,  move  right  toward  increasing  drop  diameters  with  increased  LWC  (Figure  Al). 
The  Impression  is  that  a  reservoir  of  moist  aerosols  (condensation  nuclei)  exists  that  begins 
“spilling  over”  with  increased  relative  humidity  to  form  cloud  droplets.  The  cloud  droplets,  in  turn, 
grow  larger  with  relative  humidity  (vapor  deposition)  and  coalescence  to  form  rain  drops  of  pre- 
cipitable  size.  With  fall  distance  through  an  environment  containing  cloud  droplets  and  other  rain 
drops  of  various  sizes,  the  rainfall  population  progressively  grows  to  larger  sizes  with  fall  distance, 
due  to  collisions  and  coalescence,  until  it  impinges  on  the  ground  to  complete  the  overall  process. 

The  essentials  of  this  process  have  been  known  for  many  years.  But  the  presentation  of  the 
empirical  findings  of  three  fields  of  endeavor  illustrated  at  a  common  scale  is  perhaps  new. 

We  turn  next  to  a  consideration  of  the  Figure  A3  distributions  of  projected,  cross-sectional 
£urea  as  related  to  visibility.  The  figure  shows  that  the  modal  peaks  of  A^  are  about  one  order  of 
magnitude  larger  than  the  corresponding  ones  for  clouds  and  about  4  orders  of  magnitude  larger 
than  the  corresponding  ones  for  rain.  However,  since  there  is  also  em  order  of  magnitude  variabil¬ 
ity  among  the  1,  2,  and  3  curves  of  each  of  the  disciplines,  one  cannot  trll.  a-priori  by  mere 
inspection,  Which  combinations  of  the  curves  cause  large  or  small,  or  important  or  inconsequen¬ 
tial,  contributions  to  degraded  visibility.  In  this  regard,  it  is  of  interest  to  summarize  the  contribu¬ 
tions  of  aerosols  (a),  clouds  (C)  and  rain  (R)  to  total  summed  A  (no  subscript),  to  maximum. 
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theoretical  recognition-visibility,  V  [reference  Sections  6  and  6. 1 .  and  Eq.  (4 1 )]  and  to  maximum, 
“actual”  recognition-visibility,  or  "Trabert  recognition  visibility".  V  [reference  Section  6.2  and  Eq.  (48)]. 

The  equation  for  total  A  in  this  appendix  section  is  given  by 

A  =  A^  +  Ap+A„  m {A42) 

the  equation  for  V  is  given,  analogous  to  Eq.  (41),  by 

V  =  ^  m.  (A43) 

and  the  equation  for  V  is  given  by 

In  (1/e) 

V  =  m.  (A44) 

k„^A«  +  koj-Ac  +  kfl^AR 

from  Eq.  (48)  and  Eq.  (A42)  above.  It  was  previously  assumed  that  the  extinction  ratios  kof,. 
and  k<^  had  the  respective  values  of  2.0,  1.5,  and  1.0.  It  is  now  assumed  additionally,  for  general 
discussion  purposes,  that  the  contrast  conditions  of  our  supposed  viewing  are  “optimum",  such 
that  In  (1/e)  =  1.0.  With  these  assumptions.  Ek}.  (A44)  simplifies  to 

1 

V  =  m.  (A44) 

2Aa  +  1.5Ac  +  Ar 

and  we  are  dealing  only  with  the  individual  component  values  of  A^,  and  A^.  Depending  on  the 
given  situation,  these  values  [1)  may  all  contribute  importantly  to  visibility  or  |2J  one  or  two  may 
have  zero  values  (rain  may  be  absent  or  clouds  may  be  absent  or  both)  or  [3]  one  or  two  may  have 
insignificant  values  relative  to  the  other(s). 

Several  examples  of  term  contributions  to  visibility  reduction  may  be  provided  that  are  related 
to  the  "1,  2.  3  situations"  specified  in  Section  A2  emd  that  reference  Eqs.  (A42),  (A43),  and  (A45). 
The  first  examples  concern  situations  of  relatively  large  visibility.  The  following  provide  examples 
of  progressively  decreasing  visibility  that  can  occur  in  different  ways. 

The  largest  visibilities  occur,  of  course,  when  only  dry  aerosols  are  present  in  the  atmosphere. 
The  /h  situation  of  Eq  (A36)  indicates  that  A^  =  2.6  x  10  ®m  '  (with  A^  =  A^  =  0)  such  that  V  =  240 
mi  and  V  =  120  miles  [from  Eqs.  (A42).  (A43).  and  (A45)j.  Consider  next  a  “smog”  situation  with  a 
moderate  concentration  of  aerosols,  combined  with  light  fog,  [Q.  For  this  combination,  A^  = 

2.0  X  10  m  ‘,  Ap  =  7.2  x  10'®  m  '  and  A^  =  0  which  yields  V  =  6.8  mi  and  V  =  4.9  mi.  Next,  con¬ 
jure  a  situation  of  very  small  visibility  (as  in  a  closed  metropolitan  valley)  in  which  there  is  dense 
smog,  plus  [H,  combined  with  moderate  rain.  (D.  Here,  A^  =  4.0  x  lO"*  m  A^  =  0.060  m  A^  = 
1.1  X  10^^  m  ‘,  V  =  16  m  (52  ft)  and  V  =  1 1  m  (36  ft).  This  is  a  fairly  dense  smog  caused  primarily 
by  the  water  fog  and  rain.  Finally,  postulate  the  existence  of  a  microburst  associated  with  thun¬ 
derstorm  activity.  Further  postulate  that  dense  clouds  and  very  intense  rain  exist  in  the 
downdraft  of  the  microburst,  [U  plus  @,  and  that  aerosols  are  of  no  importance  to  the  visibility 
state  within  the  microburst.  Thus,  A^  =  0,  A^.  =  0.060  m  ',  A„  =  6.5  x  10'^  m  '.  V  =  15  m  (49  ft)  and 
V  =  10  m  (33  ft).  This  demonstrates  a  situation  of  another  kind  that  yields  small  visibility. 
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The  above  examples  should  provide  the  reader  with  some  appreciation  of  the  possible  combi¬ 
nations  of  aerosols,  clouds,  and  rain  that  dictate  his/her  viewing  conditions  under  v^arious  cir¬ 
cumstances.  It  should  also  be  emphasized  that,  in  the  examples  cited.  V  and  V  are  the  maximum 
recognition  visibilities  (of  two  types).  To  obtain  the  corresponding  maximum  discernment  visibili¬ 
ties.  the  V  and  V  values  above  should  be  multiplied  by  2.8  (reference  page  57).  Furthermore, 
maximum  discernment  or  recognition  visibility  only  implies  that  it  is  possible  to  discern  or  recog¬ 
nize  objects  within  the  range  distances  cited.  The  actual  discernment  or  recognition  of  an  object 
depends  on  the  object  size  and  the  features  of  the  object  (reference  Section  9.4). 

We  now  move  to  a  consideration  of  Figure  A4.  which  presents  the  distributions  of  aerosol 
mass  content  and  cloud/rain  liquid  water  contents.  It  is  observed  from  the  figure  that  the  modal 
peaks  of  distributed  mass  content  for  aerosols  are  some  two  orders  of  magnitude  smaller  than  the 
corresponding  (same  number  category)  peaks  for  clouds  and  about  1.5  orders  of  magnitude 
smaller  than  the  corresponding  peaks  for  rain.  This  means  that  the  mass  contribution  of  aerosols 
to  the  summed,  total  mass  content  of  composite  distributions  is  relatively  small.  (This,  of  course, 
must  be  true,  since  the  “1.  2.  3  situations"  illustrated  were  originally  specified  in  terms  of  M.) 

The  author  sees  little  need  for  offering  specific  examples  of  composite  quantities  involving 
mass  contents.  The  distributions  are  important,  without  question,  but  the  applications  are  highly 
specific. 

As  an  aside  concerning  the  LWC  of  rain,  it  may  be  noted  that  LWC  can  be  successfully  deter¬ 
mined  at  the  ground  surface  by  the  measurement  of  the  rain-rate,  R.  The  equation  is  the  reverse 
of  Eq.  (A41)  for  Joss  et  al.  widespread  rain,  which  is 

M  =  0.0756  g  m-3  (A46) 

with  R  in  units  of  mm  hr  '.  In  the  SAMS/ABREIS  program,  we  obtained  the  surface  data  points  of 
M  in  this  manner  using  Joss  momentum  disdrometers®®  [Joss,  Thams  and  Waldvogel  (1968)). 

We  finally  consider  the  distributions  of  the  radar/lidar  reflectivity  factor  of  Figure  A5.  The 
modal  peaks  of  the  distributions  for  aerosols  eire  seen  to  be  extremely  small  relative  to  the  corre¬ 
sponding  peaks  for  clouds  (some  nine  orders  of  magnitude  smaller,  or  90  dBZ)  and  relative  to  the 
correspMjnding  peaks  for  rain  (some  15  orders  of  magnitude  smaller,  or  150  dBZ).  Thus,  the  radar 
returns  from  aerosols  are  negligible  compared  to  those  for  clouds  and  rain  and  the  lidar  returns 
are  generally  negligible  except  under  particulEu*  conditions  that  have  not  been  considered  herein.* 
The  designer  of  a  lidar.  however,  might  be  interested  in  the  possibility  of  detecting  aerosols  of 
normal  atmospheric  concentration.  If  so.  the  distributions  of  Figure  A5  and  the  toted  Z  values  of 
pages  100-102  provide  some  information  about  the  difficulties  of  the  task.  It  is  additionally 
observed  from  Figure  A5  that  the  modal  peaks  for  clouds  are  about  three  orders  of  magnitude  (30 
dBZ)  smaller  than  the  corresponding  ones  for  rain.  This  is  quite  consistent  with  operational 
knowledge  of  the  comparative  radar  returns  from  water  clouds  and  rain.  (Also  see  Table  8). 


These  are  the  conditions  that  would  prevail  near  a  generation  source  of  aerosols,  such  as  the  smoke  from  an  industrial 
smokestack.  Smoke  contains  number  concentrations  of  aerosols  that  are  tremendously  larger  than  any  discussed  herein 
and  can  be  readily  detected  visually  or  by  lidar. 

“  Atlas.  D..  Hardy,  K.R.,  Glover.  K.M..  Katz.  1.,  and  Konrad.  T.G.  (1966)  Tropopause  detected  by  radar.  Science. 
163:1110-1112. 
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It  is  helpful  to  summarize  the  different  M  vs  Z  relations  for  aerosols,  clouds  and  rain.  For  dry 
aerosols,  assuming  no  truncation  and  that  =  2.5  x  10  ^mm  (as  previously  discussed)  the 
relation  is 

M  =  5.5  X  10'°  Z  g  m  (A47) 

from  Eq.  (A32).  For  moist  aerosols  with  100  percent  relative  humidity,  assuming  that  the  value  of 
D'^  will  increase  to  about  7  x  10“®  mm  in  accord  with  Figures  A1  or  A2,  the  relation  should  be 
something  like 

M  =  2.5  X  10°  Z  g  m  (A48) 

likewise  from  Eki-  (A32).  Again,  it  should  be  mentioned  that  these  relations  for  aerosols  probably 
have  no  present  utility  except  for  design/thinking  purposes. 

The  M  vs  Z  relation  for  clouds  was  discussed  in  Section  10. 1 .  Here  rewritten  for  no  trunca¬ 
tion.  it  is 

M  =  4.02  Z°  “2  g  m  -3.  IA49) 

The  relation  for  rain  of  the  Joss  widespread  type  is 

M  =  0.003 1 4  Z°  ”6  g  m-3,  (A50) 

from  Plank*®  (1974b). 

The  distribution  curves  for  rain  of  Figure  A5  provide  a  good  reference  base  for  discussing 
truncation  effects  and  the  truncation  ratios.  As  mentioned,  the  black  dots  of  the  figure,  at  D  =  5 
mm.  which  is  the  approximate  breakup  diameter  for  raindrops,  reveal  that  the  Z,,  values  at  the 
points  are  relatively  large  and  have  not  decreased  in  value  in  the  manner  of  the  other  figure  plots. 
The  points  "hang  in  the  air",  so  to  speak.  This  is  an  immediate  indication  that  the  truncation 
ratios  r^,  and  r^  of  Eq.  (A  15)  cannot  be  ignored  a  priori.  It  may  be  stated  that  these  ratios,  for  the 
®,  @,  and  (D  situations  of  rain,  have  the  values  r„  -  0.99995  and  r.,  =  0.9994,  for  the  ®  situa- 
tlon  (small),  r^,  =  0.993  and  r^  =  0.92,  for  the  @  situation  (medium),  and  r^  =  0.87  and  r^  =  0.40, 
for  the  @  situation  (large),  riiiose  values  were  computed  from  Eqs.  (G 10)  and  (G 15)  of  Plank"" 
(1974b).l  Thus,  the  r^/r^  ratios  that  enter  Eq.  (A15)  to  modify  it  from  the  non-truncated  state 
have  the  respective  ®,  @.  and  @  values  of  0.9994.  0.926  and  0.46.  Only  the  last  value,  for 
situation  ®  is  of  major  importance.  The  others  are  trivial.  The  same  may  be  said  about  the 
truncation  ratios  involved  in  M  and  A.  Natural  upper  boundary  truncation  will  never  be  a  problem 
for  the  number  concentration  N. 

With  regard  to  the  truncation  of  the  composite  equations  for  instrument  evaluation  or  design 
purposes,  the  distribution  equations  for  N^,  A^.  M,^,  and  Z,^  for  aerosols,  clouds,  and  rain,  can 


®®  Plank.  V.G.  (1974)  A  Summary  of  the  Radar  Bk]ualions  and  Measurement  Techniques  Used  in  the  SAMS  Rain  Erosion 
Program  at  Wallops  Island,  Virginia.  /IFCRL/SAMS  Report  No.  1.  AFCRL-TR-74-005.'l.  Special  Report  No.  172.  108  pp..  AD 
778  095. 
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simply  be  added  together  and  integrated  by  parts  between  any  diameter  limits  that  might  be 
appropriate. 

AS.  CONCLUDING  REBCARKS 

Ihe  results  of  the  investigations  of  composite  distribution  equations  of  this  appendix  are  seen 
to  make  reasonable  sense  relative  to  our  prior  knowledge  and  experiences  with  number  concen¬ 
trations.  visibilities,  liquid  water  contents,  and  the  expected  values  of  signal  return  from  aerosols, 
warm  clouds,  and  rain  using  radar  or  lidar.  Thus,  although  there  is  certainly  a  long  way  to  go  to 
refine  the  detailed  values  of  equation  coefficients,  exponents,  and  multipliers,  it  may  be  con¬ 
cluded  that  the  consolidated  equations  herein  certainly  bound  (or  “ballpark")  the  values  of  the 
distributed  and  totals  quantities,  at  the  very  least,  and  that  they  probably  provide  excellent 
description  in  most  instances. 

These  conclusions  lead  to  the  suggestion  that  the  development  of  an  empirical  descriptor 
model  might  be  of  value,  certainly  for  applications  such  as  weather  definition. 

To  establish  an  empirical,  or  arxificially  intelligent,  computer  model  to  check  on  the  continuity 
and  internal  hydrometeor  consistency  of  other  mesoscale  and  storm  models,  the  author  would 
recommend  the  addition  of  the  distribution  equations  for  aerosols,  clouds,  and  rain  and  integra¬ 
tion  of  all  equations  between  the  limits  0  <  D  <  5  mm.  This  lends  itself  to  simple  programming  but 
is  costly  in  computer  time.  Such  time  can  be  conserved,  though,  by  “thresholding”  the  values  of 
the  distributed  quantities  to  minimum  levels  of  interest  below  which  computation  is  not  permitted 
and  zero  values  are  substituted.  Furthermore,  in  such  a  program,  if  the  particular  problem  does 
not  involve  aerosols,  or  if  clouds  and/or  rain  are  not  involved,  any  of  the  three  terms  of  the 
composite  distribution  function  can  be  set  to  zero  value  and  computation  can  be  restricted  to  the 
remaining  terms  or  tenn.  No  truncation  ratios  need  be  computed  except  for  heavy  rain,  as  was 
demonstrated  above  for  the  Z  values. 

The  value  of  such  an  empirical  “descriptor  model”,  which  would  reflect  the  combined  observa¬ 
tional  experience  of  a  great  many  investigators  over  numerous  years,  is  that  it  would  provide  a 
reference  base  of  how  the  particulates  in  the  atmosphere,  or  in  clouds  or  warm  storms,  exist 
naturally  under  a  variety  of  conditions.  Thus,  any  operational  forecast  model  for  clouds  or 
storms,  in  its  internal  predicted  states  of  hydrometeor  interactions,  should  not  depart  too  wildly 
from  the  experience  model.  The  particle  number  concentrations  of  the  working,  predictive  model 
should  not  differ  vastly  from  experience.  The  predicted  internal  visibilities  should  not  be  ridicu¬ 
lous.  The  liquid  water  contents  should  be  reasonable  and  should  not  fall  beyond  the  bounds  of 
maximum  observed  values.  The  radar/lidar  reflectivity  factors  should  agree  approximately  with 
experience  and  the  predictive  model  should,  in  any  “real  time”  comparisons  with  actual  radar/ 
lidar  measurements,  perform  satisfactorily. 

The  reader  will  nbte  that  this  appendix  and  report  are  carefully  confined  to  water  hydromete¬ 
ors.  Only  occasional  reference  was  made  to  ice  ciystal  clouds  and  snow.  There  are  good  reasons 
for  this.  First,  regarding  ice  crystals,  we  have  not  yet  obtained  the  necessary  measurements  of  the 
size  distribution  of  ice  crystals  of  the  various  types  (or  the  also  necessary  measurements  of  their 
equivalent  melted  diameters,  which  yields  crystal  mass)  to  be  able  to  ascertain  even  the  general 
nature  of  the  distributions.  Hence,  without  such  knowledge,  it  is  premature  to  attempt  the  speci- 
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fication  of  a  descriptive  distribution  function.  Second,  regarding  snow  in  its  various  aggregate 
forms,  present  suri'ace  measurements  and  aircraft  measurements  using  PMS  equipment  indicate 
that  snow  can  usually  be  described  by  a  distribution  function  of  exponential  type  (as  in  the  case 
of  rain).  However,  there  is  huge  difficulty  in  obtaining  the  mass  distribution  of  the  snow.flakes 
that  corresponds  to  the  si-'e  distribution.  As  attempted  now,  by  so-called  “t  to  D  conversion", 
where  /  is  a  length  measure  of  snowflake  size  and  D  is  the  equivalent  melted  diameter,  there  are 
uncertainties  of  intolerable  amount,  [reference  Crane^*  (1978)].  There  is  a  "stonewall"  that  prohib¬ 
its  further  progress  in  “snow  physics"  until  we  acquire  instruments  that  provide  direct  measure¬ 
ments  of  particle  mass.  [One  such  aircraft  instrument,  an  “M  Meter",  has  been  designed  and 
laboratory  tested  by  an  AFGL  team'^^  (Plank,  1987).} 

The  equations  of  this  appendix  are  analogous  to  equations  of  state  for  aerosols,  clouds,  and 
rain.  Particular  processes  will  occur  within  these  hydrometeor  regimes.  But  they  cannot  be 
handled  by  the  present  model,  since  its  equations  have  no  developmental  or  dissipative  terms. 


A3.  Crane,  R.K.  (1978)  Evaluation  of  Uncertainties  in  the  Estimation  of  Hydrometeors  Mass  Concentrations  Using  Spandar 
Data  and  Aircraft  Measurements.  Sci.  Rep.  No.  1.  AFGL-TR-78-01 18.  AD  A059223.  107  pp. 


A4.  Plank.  V.G.  (1987)  The  M-Meter  (particle  mass  sensor  and  spectrometer).  Second  Airborne  Science  Workshop.  Univ.  of 
Miami.  Miami.  Florida,  Feb.  3-6.  1987.  171-173. 


Figure  A1 .  Distributions  of  number  concentration  for  aerosols,  clouds  and  rain — before  their 
addition  to  become  composite  distributions,  reference  text 


Nd(No.  cm'®  pm' 
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Figure  A2.  A  companion  diagram  to  Fig.  A I  illustrating  a  case  example  of  a  summed,  composite 
distribution  of  the  number  concentration  of  aerosols  plus  clouds  plus  rain,  for  moderate  condi¬ 
tions.  The  dashed  curve  indicates  the  influence  of  atmospheric  relative  humidity  (rh)  on  the 
distributed  portion  for  aerosols.  Reference  text. 
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Distributions  of  projected,  cross-sectional  area  for  aerosols,  clouds  and  rain— before 
their  addition  to  become  composite  distributions,  reference  text 
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of  radar/lidar  reflectivity  factor  for  aerosols,  clouds  and  rain— before 
their  addition  to  become  composite  distributions,  reference  text 
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Appendix  B 

The  Mie  Regions  of  Scattering  and  Diffraction  as  Related  to  th.  .ize-Distribution 
Spectra  of  Water  Clouds  Illuminated  by  Visible  Light  and  X-Band  Radar 


One  of  the  important  factors  in  the  weather-definition,  visibility,  radar/lidar,  and  other 
considerations  of  the  main  text,  is  the  relation  between  (1)  cloud  droplet  spectra  illuminated  and 
viewed  at  different  radiative  wavelengths  and  (2)  the  scattering/diffractive  regions  identified  by 
Mie‘«(1908). 

A  few  comments  and  an  illustration  are  offered  in  this  Appendix,  which,  hopefully,  will  shed 
some  light  on  these  relations.  The  comments  and  illustration  a’-e  indicative  only,  for  the  author  is 
well  aware  that  the  Mie  theory  is  highly  complex  and  cannot  be  summarized  briefly.  Also,  the 
cloud-spectra-versus-Mie-theory  relations  are  complicated  and  will  merely  be  outlined  herein.  The 
emission  and  absorption  lines  of  the  gaseous  constituents  of  the  atmosphere  add  further  com¬ 
plexities.  These  effects  are  beyond  the  scope  of  the  report. 

Bl.  THE  HOE  REGIONS  OF  SCATTERING/DIFFRACTION 

Mie  theory  demonstrates  that  the  ba  'k-scattering/diffractive  cross  section  of  an  object  de¬ 
pends,  in  general,  on  the  object  size,  the  dielectric  properties  of  the  material  of  which  it  is  com¬ 
posed  and  (1)  on  the  ratio  of  the  size  of  the  object  to  the  wavelength  of  radiation  and  (2)  on  the 
ratio  of  the  back- scattering  cross  section  of  the  object  (its  “apparent  size”)  to  the  actual  cross- 
sectional  area  of  the  object  (its  real  size). 


"*  Mie,  G.  (1908)  Beltrage  zur  optik  truber  medlen.  speziell  kolloidaler  metallosungen.  Ann.  Phys..  25:377-445  (Leipzig). 
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Stratton^“  (1941)  accomplished  the  theoretical  work  that  led  to  the  presentation,  by  Kerr  and 
Goldstein^^  (1951),  of  the  summary  diagram  of  Figure  B1  (which  the  author  has  modified  to 
express  size  in  diameter  terms,  rather  than  radius).  This  diagram  shows,  for  individual 
(subscripted  “i")  spherical  objects — cloud  droplets  herein — the  dependence  of  the  extinction  ratio 
on  the  ratio  of  droplet  diameter  to  radiative  wavelength  (where  k_^  =  a/A.  that  is,  the  extinction- 
cross-section  of  the  droplets  a,  divided  by  their  cross-sectional  area  A).  The  three  regions  of  the 
Mie  theory  are  indicated:  (1)  the  Rayleigh  Region,  which  is  important  to  radar  investigation  of 
water  clouds,  also  rain,  (2)  the  Mie  Region,  which  is  important  in  the  “short  microwave"  and 
infrared  portions  of  the  radiative  spectrum,  as  concerns  water  clouds  and  rain,  and  (3)  the  Region 
of  Geometric  Optics,  where  diffractive/reflective  effects  prevail,  which  are  important  to  visibility 
and  lidar  considerations  of  clouds  and  rain. 

The  dashed  line  of  Figure  B 1 ,  is  a  plot  of  the  “Rayleigh  Law“.  that  is. 


o,  k 

k-  -  -!-=  ”<  -  877  r— 
A,  tiD" 


1) 


N.D.. 


(Bl) 


which  prevails  in  the  region  D/A.  <  -0.01. 


B2.  CLOUD  SIZE-RANGE  AND  D/X  VALUES  FOR  VISIBLE  UGHT  AND  X-BAND  RADAR 


In  Section  7,  page  25,  a  basic  assumption  was  made  and  explained,  namely  that  two  “tie 
points"  were  established,  the  first  specifying  that  the  modal  diameter,  of  the  Khrgian-Mazin 
distribution  function,  would  be  D'^  =  10  pm  for  a  cloud  liquid  water  content.  M  =  1.0  g  m  *,  and 
the  second  specifying  that  =  1  pm,  at  the  restricted/non-restricted  visibility  boundary  of 
synoptic  meteorology.  This  led  to  the  DJ.,  =  10  M  pm  relation  of  Eq.  (59).  Moreover,  in  Section 
9.4,  page  57.  the  clear-air  state  of  t'le  atmosphere  was  specified  to  exist  when  the  visibility  was 
30  miles,  the  LWC  (or  aerosol  mass  content)  was  7.43  x  10  ^  g  m  ’  and  the  modal  diameter, 
through  Eq.  (59),  was  0.5  pm.  The  smallest  drops  or  particles  of  the  population  will  be  smaller 
than  the  mode.  A  value  of  0.2  pm  is  assumed,  based  on  other  work  not  reported.  The  maximum 
LWC  observed  in  clouds  is  about  2-4  g  m  as  noted  previously.  The  modal  diameter  correspond¬ 
ing  to  M  =  4  g  m’^  is  14.5  pm.  from  Eq.  (59).  When  meiximum  LWC  exists,  the  largest  droplets  at 
the  upper  size  end  of  the  distributions  will  extend  toward  “large-drizzle"  size,  or  about  200  pm. 
Thus,  it  is  assumed  that  the  diameters  of  primary  concern  for  D/A.  computations  range  from 
about  0.2  to  200  pm. 


“  Stratton.  J.A.  (1941)  Electromagnetic  Theory.  McGraw-Hill.  563  pp. 


"  Kerr.  D.E..  and  Goldstein.  H.  (1951)  Radar  targets  and  echoes.  Propagation  of  Short  Radio  Waves.  13.  Chap,  6. 
McGraw-Hill. 


I®  Weast,  R.C..  and  Astle.  M.J..  eds.  (1982)  Handbook  of  Chemistn/  and  Physics.  CRC  Press,  Inc..  Boca  Raton.  Florida.  A- 
63.  E-202. 


region  OF 

MIE  REGION  geometric  OPTICS 


Questions  relative  to  the  Mie  theory  now  shift  (still  considering  \'isibility)  to  the  wavelength(s) 
of  light  that  are  predominantly  involved  in  the  processes  of  “human  seeing".  The  processes  are 
numerous  but  it  is  assumed  herein  that  the  wavelength  of  major  importance  is  the  wavelength  of 
“maximum  visibility",  X  =  0.556  pm.  as  cited  by  Weast  and  Astle'^  (1982). 

From  the  cloud  diameters  cited  and  the  wavelength  of  light,  just  assumed,  it  follows  that  the 
D/X  values  germane  to  the  diagram  of  Figure  B1  span  the  range 

0.360  <  D/A.  <  360  N.  D..  (B2) 

This  range  is  indicated  at  the  bottom  right  of  the  figure  by  the  horizontal  line  with  arrows. 

The  double  arrows  pointing  right  emphasize  that  the  D/X  values  extend  beyond  the  diagram  scale 
and  “well  into"  the  region  of  geometric  optics.  Thus,  the  extinction /scattering  effects  of  water- 
clouds.  involved  in  “visibility"  and  "visual-wavelength-lidar"  are  primarily  diffractive/reflective, 
with  contributions  of  unknown  amount  due  to  secondary  and  multiple  diffraction,  reflection,  and 
scattering. 

The  volume  reflectivity  n  and  radar  reflectivity  factor  Z  were  discussed  in  Section  1 0  and 
values  from  the  KM  equations  were  intercompared.  for  natural  clouds,  with  the  measurements  of 
Plank,  Atlas  and  Paulsen”  (1955)  and  the  equations  of  Atlas  and  Bartnofi®®  (1953).  A  vertical- 
pointing  X-Band  (now  K^,-Band)  radar,  A.  =  1 .25  cm,  was  used  to  obtain  the  measurements  and 
the  comparison  equations  were  solved  for  this  same  wavelength.  The  results  are  shown  in  Table 
7. 

For  the  range  of  cloud-droplet  diameters  to  be  anticipated  in  water  clouds  in  the  atmosphere, 
stated  above,  and  X  =  1.25  cm, 

2.88  X  10^  <  D/A.  <  0.0288  N.  D..  (B3) 

This  range  is  noted  in  Figure  Bl,  by  the  horizontal  line  with  double  arrows  pointing  left.  The 
figure  reveals  that  the  D/X  values  for  X-Band  radiation  occur  within  the  Rayleigh  Region  of  the 
Mie  theory  with  some  of  the  largest,  drizzle-size  droplets  being  in  the  Mie  region.  Hence,  water- 
clouds  illuminated  by  radiation  of  1 .25  cm  wavelength  are  primarily  governed  by  the  Rayleigh 
Law.  (The  particular  application  of  the  Rayleigh  Law  to  water  hydrometeors  has  been  discussed 
by  Mason®-^  (1971).  Mason's  equation  is  Eq.  (141)  herein.) 

B3.  D/A.  VALUES  FOR  WATER  CLOUDS  FOR  OTHER  RADIATIVE  WAVELENGTHS 

Additional  comments  are  in  order  concerning  the  illumination  of  water  clouds  by  radiative 
wavelengths  other  than  the  ones  just  described.  In  Table  Bl.  the  ranges  of  the  D/A.  ratios  for 
water  clouds  are  indicated  in  the  last  column,  for  radiative  wavelengths  spanning  the  ultraviolet 

Weast.  R.C..  and  Astle,  M.J..  eds.  (1982)  Handbook  of  Chemistry  and  Physics.  CRC  Press,  Inc..  tJoca  Raton.  Florida.  A- 
63.  E-202. 

“  Atlas.  D..  and  Bartnoff,  S.  (1953)  Cloud  visibility,  radar  rellectivity  and  drop-size  distribution.  J.  Meteorol..  10:143-148. 

Mason.  B.J.  (1971)  The  Physics  oJ'Clouds.  second  edition.  Clarendon  Press.  Oxford.  England. 


120 


to  the  long-microwave  portion  ol  the  spectrum.  The  particularly  troublesome  wavelengths — those 
involved  in  the  oscillatory  complexities  of  the  Mie  Region  (0.02  <  D/X  <  0.7) — arc  noted  by  aster¬ 
isks.  Such  complexities  are  contined  primarily  to  infrared  and  "short  microwa\e"  wavelengths  and 
are  especially  severe  (as  can  be  seen  comparing  the  D/X  values  of  the  table  with  f'igure  Bl)  for 
wavelengths  of  about  0.00353-0.32  cm  (35.3-3200  pm),  or  94-8500  GHz  (0.094-8.5  TMz).  A 
single  asterisk  in  the  table  indicates  moderate  involvement  with  Mie  scattering:  a  double  asterisk 
denotes  almost  total  involvement. 


B4.  COMBSENTS 

Since  various  references  to  aerosols  (in  the  context  of  visibility)  were  made  in  the  main  text  and 
Appendix  A.  it  is  of  interest  to  note  the  D/X  ratios  for  these  particles  when  illuminated  by  the  wave¬ 
lengths  of  Table  Bl.  Aerosols  exist  in  a  wide  range  of  diameter  sizes  ranging  from  about  10  to  10  pm. 
The  modal  peak  of  number  concentration  typically  occurs  at  0.0 1  pm.  It  may  be  stated  that  for  UV. 
visible  and  IR  illumination,  the  Mie  Region  is  “crossed"  by  a  portion  of  the  size  spectra  of  aerosols, 
thus  adding  complexity.  For  microwave  radiation,  aerosols  lie  entirely  in  the  Rayleigh  Region. 


Table  Bl.  D/X  ratios  for  water  clouds  illuminated  by  radiative  wavelengths  ranging  from  Ultra¬ 
violet  to  the  long  microwave.  Asterisks  indicate  involvement  in  Mie  scattering.  The  velocity  of 
light.  V.  is  3  X  10'°  cm  s  '  =  3  x  10'^  pm  s  '  and  frequency  =  v/X. 


Description  of 

Wavelength 

Frequency 

Range  of  Droplet-Diameter- 

Illumination 

to-Wavelength  Ratios 

Ultraviolet 

Solar  Limit  at 

Earth  s  Surface 

0.292 

1030 

THz 

1.23 

<D/X< 

1230 

Visible  Light 

Blue 

0.46 

|im 

650 

THz 

.783 

<D/X< 

783 

Maximum  Visibility 

0.556 

^m 

540 

THz 

.647 

<D/X< 

647 

Yellow 

0.58 

520 

THz 

.621 

<D/X< 

621 

Red 

0.67 

450 

THz 

.537 

<D/X< 

537 

Infrared 

*  Terrestial  Window 

•  Typical  Terrestial 

1 

pm 

300 

THz 

.360 

<D/X< 

360 

Outgoing 

*•  Commonly  Used 

2 

150 

THz 

1 

.180 

<D/X< 

180 

Wavelength 

35.3 

pm  (.00353  cm) 

8.5  THz  (8500  GHz) 

.0102 

<D/X< 

10.2 

Micrxxvave 
••  W-Band 

0.32 

cm  (3200  pm) 

94 

GHz  (0.094  THz) 

1.13  X  KT* 

<D/X< 

0.113 

•Ka-Band 

•  Ku-Band  (formerly 

0.86 

cm 

35 

GHz 

4.19  X  10-" 

<D/X< 

0.0419 

partofX-Band) 

1.25 

cm 

24 

GHz 

2.88  X  10-" 

<D/X< 

0.0288 

X-Band 

3.2 

cm 

9.4  GHz 

1.13  X  19" 

<D/X< 

0.0113 

C-Band 

6 

5 

GHz 

6.00  X  10^ 

<D/X< 

0.00600 

S-Band 

10 

cm 

3 

GHz 

3.60  X  19® 

<D/X< 

0.00360 

L-Band 

25 

cm 

1.2  GHz 

1.44  X  19" 

<  D/X< 

0.00144 
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Appendix  C 

Trabert's  Equation  for  a  Monodispersed  Cloud  Population 
and  the  Particular  Solution  of  Stratton  and  Houghton 


Many  studies  In  the  field  of  visibility  have  been  based  on  the  work  of  Stratton  and  Houghton^® 
(1931).  which  used  the  concepts  of  Koschmieder*®  ^  (1924a,  1924b)  and  led  to  their  particular 
modification  of  the  equation  of  Trabert.“ 

The  general  form  of  Trabert’s  equation  was  not  known  at  the  time  but  it  is  convenient  to  use 
it  as  a  discussion  reference  in  this  appendix.  The  equation,  Eq.  (48)  of  the  main  text,  is 

In  (lA) 

V=  -  m.  (Cl) 

k  A 

<7 

where  e  is  the  “contrast  quantity",  k^  is  the  extinction  ratio  and  A  is  the  projected,  cross-sectional 
area  of  the  cloud  droplets  along  the  visibility  path. 

As  mentioned  in  the  main  text,  Trabert’s  equation  can  be  made  “distribution  specific”,  if  we 
have  knowledge  of  A  for  any  cloud  size  distribution  of  interest.  Stratton  and  Houghton  assumed  a 
monodispersed  distribution. 


”  Stratton.  J.A..  and  Houghton,  H.G.  (1931)  A  theoretical  Investigation  of  the  transmission  of  light  through  fog.  Phys. 
Rev..  38:159-165. 

^  Koschmieder,  H.  ( 1924)  Theorle  der  horizontalen  sichtweite.  Beitrage  zur  physik  der freien  atmosphdre.  Xn;33-53. 

*  Koschmieder.  H.  (1924b)  Theone  der  horizontalen  sichtweite  II:  kontrast  und  sichtweite.  Beitrage  zur  physik  der  freien 
atmosphare.  XII:  171-181. 

“  Trabert.  Wilhelm  (1901)  Die  extinction  des  lichtes  in  einem  truben  medium  (Schweite  in  wolken).  Meteor.  Z..  18:518-525. 
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Cl.  THE  EQUATION  FOR  A  MONODISPERSED  CLOUD  DISTRIBUTION  AND  THE 
CORRESPONDING  TRABERT  EQUATION 

The  development  of  this  equation  follows  the  development  of  Stratton  and  Houghton,  as 
summarized  succinctly  by  Aufm  Kampe  and  Weickmann.^'* 

The  cross-sectional  area  of  any  single  droplet  of  a  monodispersed  population,  for  droplet 
radius  in  m  is 


a  =  irr^  m^.  (C2) 

If  there  are  N  droplets  per  m*  (assume  a  cube  1  m  on  a  side)  the  summed,  projected  eross- 
sectional  area  of  all  droplets  of  the  cube  is 

A  =  aN  =  ifi^N  m'.  (C3) 

The  volume  of  any  single  droplet  is 


4  -irr^ 

V  = - m-^, 

3 


{C4) 


and  Its  mass  is 


4'irr»p^ 

m  =  vp^  =  -  g, 

3 


(C5) 


where  p^  is  the  density  of  water. 

For  the  N  droplets  of  the  cube,  the  total  mass  of  all  droplets,  which  is  the  liquid  water  con¬ 
tent.  M,  is 

4'iTr^p  N 

M  =  mN  = - -  g  m3.  (C6) 

3 

If  N  is  eliminated  between  Eqs.  (C3)  and  (C6), 

3  M 

A  = - m'.  (C7) 

4(.,r 


With  p^  evaluated  (p^  =  10®  g  m®)  and  r  expressed  in  p,m,  this  becomes 


3  M  0.75  M 
A  = - = -  m '. 

4r  r 


(C8) 


Aufm  Kampe.  H.J..  and  Weickmann.  H.K.  (1952)  Traberfs  formula  and  the  determination  of  the  water  content  in 
clouds.  J.  Meteorol..  9:167-171. 
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When  Eq.  {C8)  is  substituted  into  the  Trabert  equation  (Cl). 


1.33rln  (l/€) 

V  = - m. 


(C9) 


C2.  THE  STRATTON-HOUGHTON  ASSUMPTIONS  ABOUT  e  AND  k  AND  THEIR  FINAL 

VERSION  OF  TRABERT'S  EQUATION 

Koschmieder  (loc.  cit.)  determined  that  the  effect  of  contrast  on  visibility  was  governed  by  In 
(l/€),  where  e  is  the  “contrast  quantity".  He  also  determined  that  the  threshold  of  contrast  for  a 
“black  body”  was  given  by  e  =  0.02.  or  In  (1/e)  =  3.91. 

Stratton  and  Houghton  assumed  that  the  e  in  Trabert’s  equation  would  have  a  constant  value 
equal  to  Koschmieder’s  threshold  value  for  a  black  body.  With  this  assumption.  Eq.  (C9)  became 

V  =  m.  (CIO) 

k  M 

<y 


Their  last  assumption,  based  on  the  work  of  Mie‘®  (1908)  and  Debye'”  (1909).  was  that  the 
extinction  ratio  had  the  value  k.,  =  2.0.  hence  modifying  Eq.  (CIO)  to 


2.6  r 
V  = - 

M 


m' 


(Cll) 


This  is  their  final,  modified  version  of  the  Trabert  equation  which  appears  as  Eq.  (82)  of  the 
main  text  and  which  was  much  employed  in  studies  subsequent  to  Stratton  and  Houghton. 

It  is  also  of  interest  before  closing  to  consider  the  question  raised  by  Aufm  Kampe  and 
Weickmann'*®  (1952).  neimely.  “what  is  the  effect  of  spectral  broadening  on  the  Trabert  constant?". 
The  development  of  the  Trabert  constant  by  Stratton  and  Houghton  for  a  monodispersed  distribu¬ 
tion.  as  just  demonstrated,  may  be  compared  directly  with  the  “broader”  Khrgian-Mazin  distribu¬ 
tion  used  in  the  visibility  work  of  the  present  report.  The  procedure  is  the  following. 


*  Johnson^  (1954)  has  pointed  out  that  there  is  no  Justification  for  this  last  assumption. 

“  Johnson,  J.C.  (1954)  Physical  Meteorology.  New  York  Technical  Press,  MIT  and  Wiley.  393. 

'®  Mle,  G.  (1908)  Beitrage  zur  optik  truber  medien,  speziell  kolloidaler  metallosungen.  Ann.  Phys..  25:377-445  (Leipzig). 

Debye,  P.  (1909)  Der  lichtdruck  auf  kugeln  von  beliebigem  material.  Ann.  Physik,  30:57-136. 
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When,  in  the  Khrgian-Mazin  fonn  of  the  general  Trabert  equation,  Eq.  (50)  ol  the  main  text, 
the  modal  diameter.  D'^,  is  expressed  in  ^JLm.  rather  than  mm.  and  il  a  “modal  radius",  r!^,  is 
defined  to  replace  the  diameter,  then  Eq.  (50).  ignoring  truncation,  becomes 

3.333r;,  In  (lA) 

V  = - -  m.  (C12) 

k  M 

Since,  for  a  monodispersed  population,  the  r  of  Stratton-Houghton  is  the  mode,  that  is. 

r  =  r;  (im.  (C13) 

this  equation  is  directly  comparable  to  their  Eq.  (C9)  herein. 

When  the  Koschmieder  value  of  In  ( 1  /e)  =  3.91  is  assumed  as  it  was  by  Stratton  and 
Houghton.  Eq.  (C12)  reduces  to 

13.0  r', 

V  = -  m.  (C14) 

k  M 

which  is  comparable  to  their  Eq.  (CIO)  herein. 

Finally,  also  in  accord  with  Stratton  and  Houghton,  k,.  is  assumed  to  have  the  value  2.0. 
Thus.  Eq.  (Cl 4)  converts  to  the  Trabert  equation, 

6.5  r'^ 

V  = -  m.  (C15) 

M 

with  the  Trabert  constant. 

C  =  6.5  g  m  p.m '.  (C16) 

This  result  certainly  verifies  the  Aufm  Kampe  and  Weickmann  suspicion  that  spectral  broadening 
leads  to  a  larger  value  of  the  Trabert  constant.  They  also  mentioned  that,  with  spectral  broaden¬ 
ing.  the  constant  would  tend  to  increase  from  2.6  to  the  5.8  value  obtained  and  utilized  by 
Richardson.^”  The  work  of  the  present  report,  based  on  the  highly  descriptive  distribution  func¬ 
tion  of  Khrgian  and  Mazin,  shows  that  the  Richardson  value  is  not  only  equaled,  it  is  exceeded! 


Richardson,  L.F.  (1919)  Measurements  ol  water  in  clouds.  Proc.  Roy.  Soc.  London.  A.  96;19-31. 


126 


Bibliography 


Abbot,  C.G.  and  Fowle.  F.E.  (1913)  Volcanoes  and  climate, Smithsonian  Misc.  Collections  60: No. 

29. 

Ackerman,  B.  (1959)  The  variability  of  the  water  contents  of  tropical  cumuli,  J.  Meteor.  16: 
191-198. 

Adderley,  E.E.  (1953)  The  growth  of  raindrops  in  cloud.  Quart  J.  Roy.  Meteor.  Soc.  79;  380-388. 

Admiralty  Reseeu'ch  Laboratory  (1949)  A  Hazemeter  for  Direct  Measurement  of  Atmospheric 
Scattering  Coefficient  A.R.L.  Rep.  A.R.L./RI/K.904.  London. 

Ahlgrimm,  F.  (1914)  Zur  theorie  der  atmospharischen  polarisation,  Jahrb.  Hamburger  Wiss. 

Anst,  32:1-66. 

Airy,  G.B.  (1838)  On  the  intensity  of  light  in  the  neighborhood  of  a  caustic,  Trans.  Cambridge  Phil. 
Soc.  6:397-403. 

Airy,  G.B.  (1848)  Supplement  to  a  paper.  On  the  intensity  of  light  in  the  neighborhood  of  a  caustic, 
Trans.  Cambridge  Phil.  Soc.  16. 

Airy,  G.B.  (1849)  On  the  intensity  of  light  in  the  neighborhood  of  a  caustic,  Trans.  Cambridge  Phil. 
Soc.  8:595-600.  (Addendum). 

Aitken,  J.  (1912)  The  sun  as  a  fog  producer,  Proc.  Roy.  Soc.  Ekiinb.  32:183-215. 

Aitken,  J.  (1923)  Collected  Scientific  Papers  of  John  Aitken  (edited:  C.G.  Knott),  Cambridge  Univ. 
Press. 

Alhazen  (ca  965-1039)  Opticae  Thesaurus,  ed.  Federico  Risnero,  Basileae,  per  Episcopios  (1572). 

Allard,  E.  (1876)  Memoire  sur  I'intensite  et  la  portee  des  phares,  Dunod,  Paris.  (Historic  reference, 
atmospheric  optics). 

Allen,  C.W.  (1946)  The  spectrum  of  the  corona  at  the  eclipse  of  1940,  Mon.  Not.  R.A.S.  106:137. 


127 


Altshuler,  T.L.  (1961)  Infrared  Transmission  and  Background  Radiation  by  Clear  Atmospheres. 

GE  Rep.  61  SD  199,  AD  401923. 

Alvarez.  R.J..  11.  Caldwell.  L.M..  Li.  Y.H..  Krueger.  D.A.  and  She,  C.Y.  (1990)  High-spectral 
resolution  lidar  measurement  of  tropospheric  backscatter  ratio  using  barium  atomic 
blocking  filters,  J.  Atmos,  and  Oceanic  Tech.  7:  876-881. 

Anderson.  C.E.  (1955)  Diffusional  growth  problems  in  cloud  physics,  Proc.  1st  Conf  on  the  Phys. 
of  Cloud  andPrecip.  Particles.  Woods  Hole  Ocean.  Inst..  Woods  Hole,  Mass.  153-160. 

Anderson,  C.E..  Ed.  (1960)  Cumulus  dynamics.  Proc.  of  the  First  Conf  on  Cumulus  Convection. 
Portsmouth,  New  Hampshire.  Pergamon  Press.  211  pp. 

Anderson,  L.J.  and  Trolese,  L.G.  (1944)  Measurements  of  Radar  Wave  Refaction  and  Associated 
Meteorological  Conditions,  U.S.  Navy  Elec.  Lab.  Rep.  WP-7. 

Anderson.  L.J.,  et  al  (1947)  Attenuation  of  1.25  cm  radiation  through  rain.  Proc.  1.  R.  E..  NY, 
35:351-354. 

Anderson,  R.,  Bjomsson,  S.,  Blanchard.  D.C..  Gathman.  S.,  Hughes,  J..  Jonasson,  S..  Moore.  C.B., 
Survilas.  H.J.  and  Vonnegut.  B.  (1965)  Electricity  in  volcanic  clouds.  Science  148:1 179- 
1189. 

Angstrom,  A.  (1924)  Investigations  of  the  dust  content  of  the  atmosphere  in  Sweden,  Proces- 
Verbaux  des  seances  de  la  section  de  Meteorologie  de  1  'Union  Geodesique  et  Geophysique 
Internationale,  Madrid. 

Angstrdm,  A.  (1929)  On  the  atmospheric  transmission  of  sun  radiation  and  on  dust  in  the  air, 
Geogr.  Ann.,  (Stockholm)  11:156-166. 

AngstrSm,  A.  (1930)  The  transportation  of  dust  through  the  circulation  of  the  atmosphere. 

Geogr.  Arm.  (Stockholm). 

Angstrdm,  A.  (1930)  On  the  atmospheric  transmission  of  sun  radiation.  II.  Geogr.  Ann. 
12:130-159. 

Anonymous  (1991)  An  interview  with  Jennifer  Ricklin  and  Walter  Miller  on  propagation, 
atmospheric  effects,  and  visibility,  OE  Reports.  No.  85. 

Appelbaum,  S.P.  (1976)  Adaptive  arrays.  IEEE  Trans.  Antennas  Propagat.,  AP-24:Chap.  20a, 
585-598. 

Arago,  D.F.J.  (1858)  Oeuvres,  Peuls,  t.  7,  10.  (Historic  reference,  atmospheric  optics). 

Arago,  D.F.J.  and  Biot.  l.B.  (1806)  E.g.  Mem.  Acad.  Ft.  7.  (Historic  reference,  atmospheric  optics). 

Arakawa.  A.  and  Schubert,  W.H.  (1974)  Interaction  of  a  cumulus  cloud  ensemble  with  the  large- 
scale  environment,  J.  Atmos.  Set  31:674-701. 

Arenberg,  D.L.  (1939)  Turbulence  as  the  major  factor  in  the  growth  of  cloud  drops.  Bull.  Amer. 
Meteor.  Soc.  20:444-448. 

Aristotle  (ca  384-322  B.C.)  Meteorologica.  trans.  H.D.P.  Lee  (Cambridge:  Harvard  University 
Press),  (1952). 

Amason,  G.  and  Brown,  P.S.  (1971)  Growth  of  cloud  droplets  by  condensation:  a  problem  in 
computational  stability,  J.  Atmos.  Set  28:72-77. 

Asai.  T.  (1964)  Cumulus  convection  in  the  atmosphere  with  vertical  wind  shear.  J.  Meteor.  Soc. 
Japan,  Ser.  2,  245-259. 

Asai,  T.  and  Kasahara,  A.  (1967)  A  theoretical  study  of  the  compensating  downdrafts  associated 
with  cumulus  clouds.  J.  Atmos.  Set  24:487-496. 

Asano,  S.  (1983)  Transfer  of  solar  radiation  in  optically  anisotropic  ice  clouds.  J.  Meteor.  Soc. 
Japan  61:402-413. 


128 


Atlcis.  D.  (1953)  OptiCEil  extinction  by  rainfall,  J.  Meteor.  10:486-488. 

Atlas,  D.  (1957)  Drop  size  and  radar  structure  of  a  precipitation  streamer,  J.  Meteor.  14:261-271. 

Atlas,  D.  (1965)  Model  atmospheres  for  precipitation.  Handbook  of  Geophysics  and  Space 
Environments,  Sec.  5.2,  7  pp. 

Atlas,  D  (1990)  Radar  in  meteorology:  Battan  memorial  and  40th  anniversary  radar  meteorology 
coriference,  Amer.  Meteor.  Soc.,  Boston. 

Atlas,  D.  and  Bartnoff,  S.  (1953)  Cloud  visibility,  radar  reflectivity  and  drop-size  distribution,  J. 
Meteor.  10:143-148. 

Atlas,  D.  and  Plank,  V.G.  (1953)  Drop-size  history  during  a  shower,  J.  Meteor.  10:291-295. 

Atlas,  D.  and  Chmela,  A.C.  (1957)  Physlczil-synoptlc  variations  of  raindrop  size  parameters,  Proc. 
Sixth  Weather  Radar  Corf.,  Boston,  Amer.  Meteor.  Soc.  21-29. 

Atleis  D.,  Plank,  V.G.,  Paulsen,  W.H.,  Chmela,  A.C.,  Marshall,  J.S.,  East,  T.W.R..  Gunn,  K.L.S.  and 
Hitchfield,  W.  (1952)  Weather  Effects  on  Radar,  Air  Force  Cambridge  Research  Center,  Air 
Force  Surveys  in  Geophysics  No.  23,  59  pp.  AD  19  311. 

Atlas,  D.,  Paulsen,  W.H.,  Donaldson,  R.J.,  Jr..  Chmela,  A.C.  and  Plank.  V.G.  (1953)  Observation  of 
the  sea  breeze  by  1.25-cm  radar,  Proc.  Conf.  Radio  Meteorology,  Univ.  of  Texas,  Paper  XI  6,  17. 

Atlas,  D.,  Cunningham,  R.M..  Donaldson.  R.J..  Kantor,  G.  and  Newman.  P.  (1965)  Some  aspects  of 
electromagnetic  wave  propagation.  Handbook  of  Geophysics  and  Space  Environments,  Chap.  9. 

26  pp. 

Atlas  D.,  Hardy,  K.R.,  Glover.  K.M.,  Katz.  I.  and  Konrad,  T.G.  (1966)  Tropopause  detected  by  radar. 
Science,  153:1110-1112. 

Atlas.  D.,  Hardy.  K.R  and  Konrad  T.G.  (1966)  Radar  detection  of  the  tropopause  and  clear  air 
turbulence.  Preprints.  12th  Radar  Meteorology  Conf.  Norman.  OK,  Amer.  Meteor.  Soc.  279- 
284. 

Atlas,  D.,  Srlvastava,  R.C..  Carbone.  R.E.  and  Sargeant,  D.H.  (1969)  Doppler  crosswind  relations 
in  radio  troposcatter  beam  swinging  from  a  thin  scatter  layer,  J.  Atmos.  Set,  26:1 104-1 117. 

Auer,  A.H.,  Jr.  and  Veal,  D.L.  (1970)  The  dimension  of  ice  crystals  in  natural  clouds,  J.  Atmos. 
Set  27:919-926. 

Aufsess,  O.  (1903)  Die  Farbe  der  Seen,  Munich. 

Aufm  Kampe,  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere,  J. 
Meteor.  7:54-57. 

Aufm  Kampe,  H.J.  (1950)  Visibility  and  liquid  water  content  in  clouds  in  the  free  atmosphere,  J. 
Meteor.  7: 166. 

Aufm  Kzunpe,  H.J.  (1957)  Atmospheric  electricity.  Meteorological  Monographs.  3:(No.  20)  256-278. 

Aufm  Kampe.  H.J.  and  Weickmann,  H.K.  (1952)  Trabert’s  formula  and  the  determination  of  the 
water  content  in  clouds,  J.  Meteor.  9:167-171. 

Aufm  Kampe.  H.J.  and  Weickmann,  H.K.  (1953)  Particle-size  distribution  in  different  types  of 
clouds,  Proc.  Third  Weather  Radar  Corf.  McGill  Univ.,  Montreal. 

Aufm  Kampe,  H.J.  and  Weickmann,  H.K.  (1953)  Physical  properties  of  cumulus  clouds,  J.  Meteor. 
10:204(211). 

Aufm  Kampe,  H.J.  aind  Weickmann.  H.K.  (1957)  Physics  of  clouds.  Meteor.  Monographs,  3:182. 

Austin,  J.M.  (1948)  A  note  on  cumulus  growth  in  a  non-saturated  environment,  J.  Meteor. 
5:103-107. 


129 


Austin.  P.M.  and  Bemis.  A.C.  (1950)  A  quantitative  study  of  the  'bright  band'  in  radar 
precipitation  ech'^es.  J.  Meteor.  7:145-151. 

Avsec,  D.  (1939)  Tourbillons  thermoconvectifs  dans  fair/ application  a  la  meteorologie.  Theses 
pres,  Fac.  Sci.  Univ..  Paris,  A.  No.  1910,  214pp. 

Bacon,  R.  (ca  1234-1268)  Opus  majus,  see  Univ.  Pennsylvania  Press.  Philadelphia.  1:1928. 

Bailey.  H.H.  (1970)  Target  Detection  Through  Visual  Recognition:  A  Quantitative  Model,  Rand 
Corp.  Santa  Monica.  Ca. 

Bailey.  H.H.  and  Mundie,  L.G.  (1969)  The  EJfects  of  Atmospheric  Scattering  and  Absorption  on  the 
Performance  of  Optical  Sensors,  Memorandum  RM-5938-PR.  RAND  Corp.  Santa  Monica.  Ca. 

Beiker.  M.B.,  Corbin,  R.G.  and  Latham.  J.  (1980)  The  influence  of  entrainment  on  the  evolution  of 
cloud  droplet  spectra:  1,  a  model  of  inhomogeneous  mixing.  Quart,  J.  Roy.  Meteor.  Soc. 
106:581-598. 

Bakh,  N.A.  and  Gel'man.  A.I.  (1938)  The  electrokinetic  potential  at  gas-solution  interfaces. 

Acta,  physicochimica,  URSS,  IX. 

Ballistic  Research  Laboratory  (1982)  Millimeter-wave  Propagation  at  35,  95,  140  and  217  GHz 
Frequencies  Through  Snowfall  SNOW-ONE-A  Data  Rep..  U.S.  Army  Corps  of  Engineers.  CRREL 
Special  Rep.  82-8,  283-294. 

Baneiji,  S.K.  and  Lele,  S.R.  (1932)  Electric  charges  on  raindrops.  Nature,  130:998-999. 

Banta.  R.,  Berthel,  R.O.  and  Plank,  V.G.  (1986)  A  bulk  microphysical  parameterization  based  on 
doubly-truncated  exponential  distribution  and  empirical  relationships,  Conf.  on  Cloud 
Physics,  Snowmass,  CO. 

Barad.  M.L.  (1951)  Diffusion  of  stack  gases  in  very  stable  atmospheres.  Meteor.  Monogr.  1. 

Barnes.  A.A..  Bertoni,  E.A..  Cohen.  I.D..  Glass.  M..  Grantham,  D.D.,  Gringorten,  l.L.  Hardy.  K.R., 
Izumi.  Y..  Kantor,  A.J.  and  Metcalf.  J.l.  (1985)  Clouds.  Handbook  of  Geophysics  and  Space 
Environment.  AD  A 167000.  Section  16.3.  20  pp. 

Barnes,  A.A..  Nelson,  L.D.  emd  Metcalf,  J.l.  (1974)  Weather  documentation  at  Kwajalein  Missile 
Range,  6th  Conf.  on  Aerospace  and  Aeronautical  Meteorology,  Amer.  Meteor.  Soc.,  66-69. 

Air  Force  Surveys  in  Geophysics,  No.  292,  AFCRL-TR-74-0430.  ADA000925,  14  pp. 

Barrel!,  H.  and  Sears.  J.E.  (1939)  The  refraction  and  dispersion  of  air  for  the  visible  spectrum. 
Roy.  Soc.  London  Phil.  Trans.  A-238. 

Barrett,  E.W.  and  Oden  Ben-Dov  (1967)  Application  of  the  lidar  to  air  pollution  measurements.  J. 
AppL  Meteor.  6:500-515. 

Barteneva,  O.D.  and  Bashilov,  G.Ya.  (1961)  Bull.  Acad.  Set  USSR,  Geophys.  Ser.  No.  4,  395.  (in 
AGU  translation). 

Bartnoff,  S.  and  Atlas,  D.  (1951)  Microwave  determination  of  particle-size  distribution,  J. 

Meteor.  8:130-131. 

Bartnoff,  S.,  Atlas,  D.  and  Paulsen.  W.H.  (1952)  Experimental  statistics  in  cloud  and  rain  echoes, 
Proc.  3rd  Wea.  Radar  Conf,  McGill  Univ..  G1-G7. 

Barton,  D.K.  (1975)  Radars,  Vol.  3:  Pulse  Compression,  Artech  Radar  Library,  Dedham,  Mass., 

Chap.  20a. 

Barus,  C.  (1907)  Condensation  of  Vapor  as  Induced  by  Nuclei  and  Ions,  Carnegie  Inst.  Wash.  Publ. 

62. 

Bashkirova.  G.  and  Pershina,  T.  (1964)  On  the  mass  of  snow  crystals  and  their  fall  velocities, 
Trudy  Glavnaia  Geojizicheskaia  Observatoriia,  No.  165,  83-100. 


130 


Bates.  R.  (1982)  Meteorology,  SNOW-ONE-A  Data  Rep..  U.S.  Army  Corps  of  Engineers,  CRREL 
SpeclaJ  Rep.  82-8,  43-180. 

Bates.  R.E.  and  Gerard.  S.  (1989)  Millimeter-wave  performance  during  mixed  precipitation.  In 
Proc.  ofSNOWSymp.  VII,  USA  Cold  Regions  Res.  and  Eng.  Lab.,  Special  Rep.  89-7,  1 13-120. 

Battan,  L.J.  (1959)  Radar  Meteorology.  Univ.  of  Chicago  Press.  Chicago,  43. 

Battan.  L.J.  (1974)  Radar  Observation  of  the  Atmosphere.  Univ.  of  Chicago  Press.  Chicago- 
London,  324  pp. 

Battan.  L.J.  (1976)  Vertical  air  motion  and  Z-R  relation,  J.  Appl.  Meteor.  15: 1 120-1 121. 

Battan,  L.J.  and  Reitan,  C.H.  (1955)  Droplet  size  measurements  in  convective  clouds.  Paper 
presented  at  Woods  Hole  1955  Conf. 

Battan.  L.J.  and  Reitan.  C.H.  (19‘^7)  Droplet  size  measurements  in  convective  clouds,  in  Artificial 
Stimulation  of  Rain  (Ed.  H.K.  elckmann  and  W.  Smith).  Pergamon  Press. 

Battan.  L.  J.  and  Thless,  L.B.  (1966)  Observations  of  vertical  motions  and  particle  sizes  in  a 
thunderstorm.  J.  Atmos.  Set  23:78-87. 

Baumgardner.  D.  (1983)  An  analysis  and  comparison  of  five  water  droplet  measuring 
instruments,  J.  Climate  Appl.  Meteor.  22:891-910. 

Baumgardner,  D..  Strapp.  W.  and  Dye,  J.E.  (1985)  Evaluation  of  the  forward  scattering 

spectrometer  probe,  II,  corrections  for  coincidence  and  dead-time  losses,  J.  Atmos.  Ocean 
TechnoL  2:626-632. 

Baumgardner,  D..  Dye.  J.E.  and  Cooper.  W.A.  (1986)  The  effects  of  measurement  uncertainties  on 
the  analysis  of  cloud  particle  data.  Preprints  Joint  Conf.  on  Cloud  Physics  and  Radar  Meteor,, 
Snowmass,  CO..  Amer.  Meteor.  Soc.  JP313-JP316. 

Bean.  B.R.  and  Dutton.  E.J.  (1966)  Attenuation  of  radio  waves.  Radio  Meteorology,  Chap.  7,  269- 
309. 

Beeird,  K.V.  (1976)  Terminal  velocity  and  shape  of  cloud  and  precipitation  drops,  J.  Atmos.  Set 
33:851-864. 

Beard,  K.V.  (1984)  Oscillation  models  for  predicting  raindrop  axis  and  backscatter  ratios.  Radio 
Science,  19:67-74. 

Beard,  K.V.  (1987)  Cloud  and  precipitation  physics  research  1983-1986,  Rev.  Geophys.  25:357-370. 

Beard,  K.V.  and  Pruppacher,  H.R.  (1969)  A  determination  of  the  terminal  velocity  emd  drag  of 
small  water  drops  by  means  of  a  wind  tunnel.  J.  Atmos.  Set  26: 1 066. 

Beard.  K.V.  and  Grover,  S.N.  (1974)  Numerical  collision  efficiencies  for  small  raindrops  colliding 
with  micron  size  particles.  J.  Atmos.  Set  31:543-550. 

Beard  K.V.  and  Chuang.  C.  (1987)  A  new  model  for  the  equilibrium  shape  of  raindrops,  J.  Atmos. 
Set  44:1509-1524. 

Beeu'd,  K.V.,  Kubesh.  R.J,  and  Ochs.  H.T..  III.  Laboratory  measurements  of  the  distortion  and 
oscillatioii  frequency  for  small  raindrops,  J.  Appl.  Meteor,  pp.  263-266. 

Beck,  J.  (1975)  The  perception  of  surface  color.  Set  Amer.  233:62-75. 

Becker,  A.  (1907)  Zur  messung  der  tropfengrdssen  bei  regenfallen  nach  der  absorptionsmethode. 
Meteor.  Z.  24:247-261. 

Beckwith,  W.B.  (1972)  Airline  meteorology  today.  Tech.  Rev.  February  1972. 

Bemis,  A.C.  (1941)  The  microstructure  of  clouds.  Bull  Amer.  Meteor.  Soc.  22:296. 

Bemis,  A.C.  (1946)  First  technical  report  under  Signal  Corps  Project,  MIT  Wea.  RadcU"  Res.  94  pp. 


131 


Bemis,  A.C.  (1951)  Aircraft  meteorological  instruments.  Compendium  of  Meteorology,  Amer. 
Meteor.  Soc.,  Boston.  1223-1231. 

Bemis.  A.C.  (1955)  The  role  of  melting  snow  in  the  atmosphere.  J.  Meteor.  12;  186- 188. 

Bemporad.  A.  (1904)  Zur  theorie  der  extinktion  des  lichtes  in  der  eradatmosphare.  Mitt. 
Grossherz.  Stemwarte  (Heidelberg).  No.  4. 

Bennett.  M.G.  (1930)  The  physical  conditions  controlling  visibility  through  the  atmosphere. 
Quart.  J.  Roy.  Meteor.  Soc.  56:1-29. 

Bennett.  M.G.  (1935)  Further  conclusions  concerning  visibility  by  day  and  night.  Quart.  J.  Roy. 
Meteor.  Soc..  61:179-188. 

Ben-Shalom,  A.,  Okrasinski,  R..  Olsen.  R.  and  Butterfield.  J.E.  (1983)  Visible/IR  Transmission  and 
Meteorological  Data,  SNOW-ONE-B  Data  Rep..  U.S.  Army  Corps  of  Engineers.  CRREL 
Special  Rep.  83-16.  89-127. 

Bent.  A.E.  (1943)  Radar  Elchoes  from  Atmospheric  Phenomena.  MIT  Radiation  Lab.  Rep.  No.  173. 

10  pp. 

Bent.  A.E.  (1946)  Radar  echoes  from  atmospheric  phenomena,  J.  Meteor.  2:78. 

Bentley.  W.A.  (1904)  Studies  of  raindrops  and  raindrop  pheonomena.  Mon.  Wea.  Reu.  32:450-456. 

Bentley,  W.A.  and  Humphreys.  W.J.(1931)  Snow  Crystals.  McGraw-Hill,  New  York. 

Berger,  R.H.  (1983)  Characterization  of  snow  for  evaluation  of  its  effects  on  electromagnetic  wave 
propagation.  Optical  engineering  for  cold  environments,  Proc.  Soc.  Photo-Optical  InsL  Eng. 
414:35. 

Bergeron,  T.  (1935)  On  the  physics  of  cloud  and  precipitation,  Memoire  presente  a  I'Association 
de  eliU.C.G.l.,  Lisbonne.  Imprimerie  Paul  Dupont,  Paris,  25pp. 

Bergeron,  T.  (1935)  On  the  physics  of  clouds  and  precipitation.  Inti.  Geodetic  Geophys.  Union, 
Fifth  General  Assembly.  Lisbon.  Verbal  Proc.  pcirt  11.  156-175. 

Bergeron.  T.  (1935)  On  the  physics  of  cloud  and  precipitation.  P.V.  Meteor.  Un.  Geod.  Geophys.  Inl. 
Pt.  2,  156-178. 

Bergeron,  T.  (1935)  La  physique  a^s  nuages  et  des  precipitations,  Mem  de  la  S.  Ass.  Gen.  de  I'Union 
Geoph.  Geodes. 

Bergeron,  T.  (1936)  Uber  die  dreidimensional  verknupfende  wetteranalyse,  1  Teil.  GeoJ.  Publ. 

V:No.  6. 

Bergeron,  T.  (1960)  Problems  and  methods  of  rainfall  investigation,  address  of  the  honorary 

chmn.  of  the  conf,  Proc.  Cloud  Phys.  Conf  Woods  Hole,  Mass.,  Amer.  Geophys.  Union,  Geophys. 
Mono.  No.  5,  5-30. 

Bergmann,  L.  (1934)  Ein  objektiver  sichtmesser.  Phys.  Z.  35:177-179. 

Bergstrom,  R.W.  (1973)  Extinction  and  absorption  coefficients  of  the  atmospheric  aerosol  as  a 
function  of  particle  size.  Contrib.  Atmos.  Phys.  46:223-234. 

Berry,  E.X.  (1967)  Cloud  droplet  growth  by  colle  tion,  J.  Atmos.  ScL  24:688-701. 

Berry,  E.X.  and  Reinheu'dt,  R.L.  (1974)  An  analysis  of  cloud  drop  growth  by  collection,  parts  1-lV, 

J.  Atmos.  Scl31:  1814-1831,  2118-2135. 

Berthel,  R.O.  (1976)  A  Climatology  of  Selected  Storms  for  Wallops  Island,  Virginia,  1971-1975, 

SAMS  Report  No.  4,  AFGL-TR-76-01 18,  AD  A029354.  ERP  No.  563. 

Berthel,  R.O.  (1980)  A  Method  to  Predict  the  Parameters  of  a  Full  Spectral  Distribution  from 
Instrumentally  Truncated  Data,  AFGL-TR-80-0001,  AD  A085950,  ERP  No.  689,  48  pp. 


132 


Berthel,  R.O.  (1981)  The  Conversion  of  Aircraft  Ice  Crystal  Measurements  into  Terms  of  Liquid 
Water  Using  Simulated  Data,  AFGL-TR-81-01/  3.  AD  A106419.  ERP  No.  745,  46  pp. 

Berthel,  R.O.  (1982)  Snow  Characterization  Measurements  at  SNOW-ONE-A,  SNOW-ONE-A  Data 
Rep.,  U.S.  Army  Corps  of  Engineers,  CRREL  Special  Rep.  82-2,  May  1982,  AFGL-TR-82-00C)3, 
AD  A 118 140,  421-437. 

Berthel.  R.O.  ( 1990)  Effects  of  Numbers,  Sizes  and  Crystal  Structures  on  Measurements  of  Ice 
Hydrometeors,  GL-TR-90-0072.  AD  A224389.  ERP  No.  1060,  21  pp. 

Berthel,  R.O.  and  Plank.  V.G.  (1983)  A  Model  for  the  Estimation  of  Rain  Distributions. 
AFGL-TR-83-0030.  AD  A 130080.  ERP  No.  822.  48  pp. 

Berthel,  R.O.  and  Matthews,  A.J.  (1984)  Rain  Rate  Determinations  from  Electronic  Weight 
Measurements:  Instrument  Description  and  Data  Reduction  Techniques.  AFGL-TR-84-02 12, 

AD  A 150765,  ERP  No.  324.  23  pp. 

Berthel.  R.O..  and  Plank.  V.G.  (1985)  Time  Durations  of  Rain  Rates  Exceeding  Specified  Thresholds, 
AFGL-TR-85-0122.  AD  A160463.  ERP  No.  918,  26  pp. 

Berthel,  R.O..  Plank,  V.G.  and  Matthews.  A.J.  (1982)  AFGL  Snow  Characterization  Measurements 
at  SNOW-ONE-A,  Snow  Symposium  II.  CRREL.  Hanover.  NH.  Aug  10-12.  AFGL-TR-83-012 1, 
AD  A128606,  35-48. 

Berthel.  R.O..  Plank.  V.G.  and  Main.  B.A.  (1983)  AFGL  Snow  Characterization  Measurements  at 
SNOW-ONE-B,  Preliminary  report.  SNOW-ONE-B  Data  Rep.,  U.S.  Army  Corps  of  Engineers. 
CRREL  Special  Rep.  83-16,  AFGL-TR-83-0174.  AD  A130556.  197-208. 

Berthel.  R.O..  Plank,  V.  G.  and  Main.  B.A.  (1983)  SNOW-ONE-A  and  B  Characterization 
Measurements  and  Data  Analysis,  AFGL-TR-83-0256.  AD  A1 41245,  ERP  No.  855.  60  pp. 

Berthel.  R.O..  Plank,  V.G.  and  Main,  B.A.  (1983)  Analyses  of  Snow  Characterization  Data 
Acquired  at  SNOW-ONE-A  and  B.  Snow  Symposium  Ill,  CRREL,  Hanover,  NH.  Aug.  9-1 1. 

1983. 

Berthel.  R.O..  Banta.  R.  and  Plank.  V.G.  (1987)  The  Application  of  Doubly-Truncated  Hydrometeor 
Distributions  to  Numerical  Cloud  Models.  AFGL-TR-87-0050.  AD  A 185273.  ERP  No.  966,  26 

pp. 

Bertoni.  E.A.  (1967)  Clear  Lnes-of -Sight  from  Aircraft.  AFCRL  67-0435.  AD  657801. 

Bertoni.  E.A.  (1977)  Clear  and  Cloud  Free  Lines-of-Sight  from  Aircraft.  AFGL-TR-77-014 1,  AD 
A046352. 

Besson,  L.  (1914)  (Halo  of  Nov.  1,  1913  observed  by  Orin  Parker.)  Mon.  Wea.  Rev.  42:436-446. 

Best.  A.C.  (1950)  The  size  distribution  of  raindrops.  Quart.  J.  Roy.  Meteor.  Soc.  76:16-36. 

Best.  A.C.  (1950)  Empirical  formulae  for  the  terminal  velocity  of  water  drops  falling  through  the 
atmosphere.  Quart.  J.  Roy.  Meteor.  Soc.  76:302-3 1 1 . 

Best,  A.C.  (1951)  Drop-size  distribution  in  cloud  and  fog.  Quart.  J.  Roy.  Meteor.  Soc.,  77: 

418-426. 

Bezold,  W.  Von  (1863)  Beobachtungen  iiber  die  Dammerung.  Annalen  der  Physik  (Poggendorfs 
Annalen)  123:  240.  (Historic  reference,  atmospheric  optics). 

Bhagavantam,  S.  (1931)  Indian  J.  Phys.,  6:  331. 

Bigg,  E.K.  (1953)  The  supercooling  of  water,  Proc.  Phys.  Soc.  London,  66:  668-694. 

Bigg,  E.K.  (1956)  The  detection  of  atmospheric  dust  and  temperature  inversions  by  twilight 
scattering,  J.  Meteor.,  13:  262. 


133 


Bigg,  F.  J..  McNaughton,  M.  and  Methven,  T.J.  (1956)  The  measurement  of  rain  from  an  aircraft  in 
flight  Tech.  Note  No.  1.  Mech.  Eng.  223,  Royal  Aircraft  establishment.  Famborough, 
England,  1 1  pp. 

Bimbaum.  G.  (1951)  Fluctuations  in  the  refractive  index  of  the  atmosphere  at  microwave 
frequencies.  Phys.  Rev..  82;  1 10-1 1 1. 

Birstein,  S.J.  (1955)  The  role  of  adsorption  in  water  condensation,  Proc.  1st  Conf  on  the  Phys.  of 
Cloud  and  Precip.  Particles.  Woods  Hole  Ocean.  Inst..  Woods  Hole.  Mass.,  145-152. 

Bissonnette,  L.R.  and  Hutt  ,  D.L.  (1989)  Forward  scattering  effect  on  snow  transmittance 

measurement  and  modeling.  Proc.  of  SNOW  Symp.  Vll.  USA  Cold  Regions  Res.  and  Eng.  Lab.. 
Special  Rep.  89-7,  57-62. 

Blackmer,  R.H.  (1955)  The  lifetime  of  small  precipitation  echoes,  Proc.  Fifth  Wea.  Radar  Conf. 

Ft.  Monmouth.  N.J..  Signal  Corps,  Engr.  Lab.,  103-108. 

Blackwell.  D.E.  (1952)  A  comparison  of  the  intensities  of  infra-red  and  violet  radiation  from  the 
solar  corona.  Mon.  Not.  R.A.S..  112;  652. 

Blackwell,  H.R.  (1946)  Contrast  tiiresholds  of  the  human  eye.  J,  Opt.  Soc.  Amcr..  36:  624-643. 

Blackwell,  H.R.  (1949)  Report  of  prt  ^ress  of  the  Roscommon  Visibility  Tests,  June  1947-Dec. 

1948;  Paper  read  to  the  Aviatioi  Lighting  Comm,  of  the  I.E.S..  Washington.  Apr.  21.  1949. 

Blanchard.  D.C.  (1949)  The  Use  of  Sooted  Screens  for  Detennining  Raindrop  Size  and 

Distribution,  Gen.  Elec.  Res.  Lab.  Occasional  Rep.  .No.  16.  Proj.  Cirrus.  Contract  No.  W-36-039- 
sc-38141.  Schetiectady.  New  York. 

Blanchard.  D.C.  (1950)  The  behavior  of  water  drops  at  terminal  velocity  in  air.  Trans.  Amer. 
Geophys.  Union.  31;  836-842. 

Blanchard,  D.C.  (1953)  Raindrop  size  distribution  in  Hawaiian  rains.  J.  Meteor..  10;  457-473. 

Blanchard,  D.C.  (1953)  A  simple  recording  technique  for  determining  raindrop  size  and  time  of 
occurrence  of  rain  showers.  Trans.  Amer.  Ceophys.  Union,  34:  534-538. 

Blanchard.  D.C.  (1955)  Comments  on  "On  the  shape  of  water  drops  falling  in  stagnant  air".  J. 
Meteor.,  12:  91-92. 

Blanchard,  D.C.  (1968)  Surface  active  organic  material  on  airborne  salt  particles,  Proc.  Int.  Conf. 
Cloud  Physics,  Toronto,  Canada. 

Blanchard,  D.C.  and  Spencer.  A.T.  (1970)  Experiments  on  the  generation  of  raindrop  size 
distributions  by  drop  breakup,  J.  Atmos.  Set.  27:101-108. 

Blifford.  I.H.,  Jr.  (1970)  Tropospheric  areosols.  J.  Geophys.  Res.,  75,  3099-3103. 

Blyth,  A.M.  and  Latham,  J.  (1985)  An  airborne  study  of  vertical  structure  and  microphysical 
variability  within  a  small  cumulus,  Mon.  Wea.  Reu.,  Ill:  773-792. 

Bohne,  A  (1982)  Radar  detection  of  turbulence  in  precipitation  environments.  J.  Atmos.  Set, 
39:1819-1837. 

Bohren,  C.F.  (1986)  Absorption  and  scattering  of  Lght  by  nonspherical  peirticles.  Proc.  Sixth 
CoTif.  on  Atmos.  Radiation,  Amer.  Meteor.  Soc..  1-7. 

Bohren.  C.F.  (1987)  Multiple  scattering  of  light  and  some  of  its  observable  consequences.  Amer. 

J.  Phys.,  55:  524-533. 

Bohren.  C.F.  (Editor)  (1989)  Selected  papers  on  scattering  in  the  atmosphere,  Soc.  Of  Photo- 
Optical  Instrumentation  Engineers,  SPIE  Milestone  Series,  MS  7. 

Bohren.  C.F.  (1989)  Second  thoughts  of  an  atmospheric  phyicist,  Weatherwise.  October  issue. 

Bohren,  C.F.  and  Battan,  L.J.  (1980)  Radar  backscattering  by  inhomogeneous  precipitation 
peuticles,  J.  Atmos.  Set,  37:1821-1827. 


134 


Bohren.  C.F.  and  Battan,  L.J.  (1982)  Radar  backscattering  of  microwaves  by  spongy  ice  spheres,  J. 
Atmos.  Set.  39:2623-2628. 

Bohren.  C.F.  and  Huffman,  D.R.  (1983)  Absorption  and  Scattering  of  Light  by  Small  Particles, 
Wiley-lnterscience,  New  York,  530  pp. 

Born.  M.  (1933)  Optik,  Springer,  Berlin,  Chap.  2.3  and  4. 

Born.  M  and  Wolf,  E.  (1965)  Principles  of  Optics.  London.  Pergamon  Press.  808  pp. 

Born,  M  and  Wolf.  E.  (1970)  Principles  of  Optics.  Pergamon,  Oxford,  ed.  4:38-42. 

Borovikov,  A.M.  (1949)  Nekotorye  rezul'taty  izucheniya  oblachnykh  elementov,  (Some  results 
of  a  study  of  cloud  elements),  Trudy  Tsentral  Aerolog.  Observ.,  No.3. 

Borovikov.  A.M.,  Gaivoronskii,  1.1..  Zak.  E.G..  Kostcirev.V.V..  Mazin.  I.P..  Minervin.  V.E.. 

Khrgian.  A.Kh.  and  Shmeter.  S.M.  (1963)  Cloud  Physics.  Israel  Prog.  Sci.  Trcmsl.,  Jerusalem 
392  pp. 

Bosanquet.  C.H.  (1935)  Eddy  dilTusion  of  smoke  and  gases  in  the  atmosphere,  J.  Inst.  FueL  8:153- 
156. 

Boucher,  R.I.:  Elmpiiical  relationship  between  radar  reflectivity  dropsize  distribution  and 
liquid  water  content.  Mount  Wash.  Obs.  Sci.  Rep.  3. 

Boucher,  R.J.  and  Bartnoff,  S.  (1955)  A  Comparison  of  Theoretically  Derived  and  Observed  Drop- 
size  Distribution  in  Clouds  and  Rain,  Tufts  Univ.,  Dept,  of  Physics.  Sci.  Rep.  No.  4,  Contract 
AF  19(604)-550.  30  pp. 

Bouguer,  P.  (1729)  Essai  d'optique  sur  la  gradation  de  la  lumiere.  Paris.  (Historic  reference, 
atmospheric  optics). 

Bouguer.  P.  (1760)  Traite  d'optique  sur  la  gradation  de  la  lumiere,  PeU'is.  edited  by  de  la  Caille, 

N.L.  (Historic  reference,  atmospheric  optics). 

Bowen.  E.G.  (1950)  The  formation  of  rain  by  coalescence,  Austr.  J.  Set  Res.  A3;  193-212. 

Boyer,  C.B  (1959)  The  rainbow:  from  myth  to  mathematics.  Thomas  Yoseloff.  New  York. 

Boylem,  R.K.  (1926)  Atmospheric  dust  and  condensation  nuclei,  Proc.  Roy.  Irish  Acad.  37:58-70. 

Braham,  R.R..  Jr.  (1958)  Cumulus  cloud  precipitation  as  revealed  by  radar,  Arizona.  1955,  J. 
Meteor.  15:75-83. 

Braham,  R.R.  and  Squires,  P.  (1974)  Cloud  physics  -  1974.  Bull.  Amer.  Meteor.  Soc.  55:543-586. 

Bravais,  A.  (1848)  (Comprehensive  work  on  halos.) 

Brazier-Smith,  P.R,  Jennings,  S.G.  and  Latham,  J.  (1972)  The  interaction  of  falling  water  drops: 
coalescence.  Proc.  Roy.  Soc.  London.  A326;393-408. 

Brazier-Smith  P.R.,  Jennings,  S.G.  and  Latham.  J.  (1973)  Raindrop  interactions  and  rainfall  rate 
within  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  99:260-272. 

Breit,  G.  and  Tuve,  M.A.  (1926)  A  test  of  the  existence  of  the  conducting  layer,  Phys.  Rev.  28:554. 

Brewster,  Sir  David  (1867)  Phil.  Mag.  33:290.  (Historic  reference,  atmospheric  optics). 

BriCcird,  J  (1939)  Etude  de  la  constitution  des  nuages  au  sommet  du  Puy-de-Dome,  Meteorologie, 
20:111-1V.  83-92. 

Bricard,  J.  (1940)  Contribution  a  I'etude  des  broouillards  naturels,  Ann.Phys.  (Paris)  14:148-236. 

Bricard,  J.  (1940)  Nature  des  nuages  en  relation  avec  les  dimensions  des  particules  qui  les 
constituent.  C.R.Acad.  Set  Paris,  210:148-150. 


135 


Biingl,  V.N.  and  Seliga.  T.A.  (1977)  Scattering  from  non-spherical  hydrometeors.  Aim.  Des.. 
Telecom,  32:392-397. 

Brock  (1947)  Liquid  water  content  and  droplet  size  in  the  atmosphere.  Trans,  of  Assn.  Amer.  Soc. 
Mech.  Eng.  69:769-770. 

Brooks,  C.F.  (1941)  Clouds  in  aerology  and  forecasting.  Bull  Amer.  Meteor.  Soc.  22:335-345. 

Brooks.  C.F.  (1944)  International  cloud-nomenclature  and  coding,  Trans.  Amer.  Geophys.  Un. 

Part  Ill.  494-502. 

Brou,  P.,  Sciascia.  T.R.  ,  Linden,  L.  and  Lettvin,  J.Y.  (1986)  The  colors  of  things,  ScL  Amer.  84-92. 
(Sept,  issue). 

Brounov.  P.  (1924)  Optical  phenomena  of  the  sky  in  connection  with  weather  prediction. 
Atmospheric  Optics,  Gostekhizdat. 

Brown,  E.N.  and  Willett,  J.H  (1955)  A  three-slide  cloud  droplet  sampler.  Bull.  Amer.  Meteor.  Soc. 
36:123-127. 

Brown,  H.A.  and  Kunkel,  B.A.  (1985)  Fog  (and  visibility).  Handbook  p/' Geophysics  and  Space 
Environment,  AD  A167000,  Section  16.4,  10pp. 

Brown,  S.  (1970)  The  terminal  velocities  of  ice  crystals.  Intern.  ConJ.  Cloud  Physics.  Fort  Collins. 
Colo..  Amer.  Meteor.  Soc.  47-48. 

Browne,  l.C.  and  Robinson.  N.P.  (1952)  Cross  polarization  of  the  radar  melting  band.  Nature. 
170:1078-1079. 

Browne.  I.C.,  Palmer,  H.P.  and  Wormell.  T.W.  (1954)  The  physics  of  rain  clouds.  Rev.  of  Modem 
Meteor.,  Quart.  J.  Roy.  Meteor.  Soc.  80:291-328.. 

Browning,  K.A.  and  Ludlam,  F.H,  (1962)  Airllow  in  convective  slomis.  Quart.  J.  Roy.  Meteor.  Soc. 
88:117-135. 

Briicke,  E.  (1852)  Poggendorffs  Annalen.  LXXXVIII:363.  (Historic  reference,  atmospheric  optics). 

Brunt.  D.  (1937)  Natural  and  artificial  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  63:277-288. 

Brunt,  Sir  David  (1951)  Experimenial  cloud  formation.  Compendium  of  Meteorology,  Amer. 

Meteor.  Soc.,  Boston,  1255- '2. 

Bryant,  H.C.  and  Cox.  A.J.  (1966)  Mie  theory  cind  the  glory.  J.Opt.  Soc.  Amer.  56:1529-1532. 

Bucerius,  H.  (1946)  Theorie  des  regenbogens  und  der  glorie.  Optik,  1: 188-212. 

Buddhue,  J.D.  (19'^'^'  Meteoritic  dust,  Univ.  of  New  Mexico  Press.  Albuquerque.  102  pp. 

Buell.C.E.  (1945)  Downdrafts  caused  by  heavy  rain,  J.  Aeron.  Meteor.  1:140-143. 

Bullrich,  K.  (1964)  Scattered  radiation  in  the  atmosphere  and  the  natural  aerosol,  Adv. 

Geophys.  10:99-200. 

Bullrich,  K.,  Eschelbach,  G..  Fischer.  K.  and  Hdnei,  G.  (1972)  New  aspects  of  scattering  and 
absorbing  properties  of  atmospheric  aerosol  particles.  J.  Colloid  Interface  ScL  39:546-550. 

Buma,  T;J.  (1960)  A  statistical  study  between  visibility  and  relative  humidity  at  Leeuwarden, 

BulL  Amer.  Meteor.  Soc.  41:357-360. 

Burkovskaya,  S.N.  (1959)  O  raspredelenii  vodnosti  v  oblakakh  teplogo  fronta,  (The  distribution 
of  water  content  in  warm-front  clouds).  Trudy  Tsentral  Aerolog.  Observ.  No.  28. 

Bussey,  H.E.  (1950)  Microwave  attenuation  statistics  estimated  from  rainfall  and  water  vapor 
statistics,  Proc.  IRE.  38:781. 

Byers,  H.R.  (1949)  Condensation  nuclei  cmd  precipitation,  J.  Meteor.  6:363. 


136 


Byers.  H.R.  (1965)  Elements  of  cloud  physics.  Univ,  of  Chicago  Press.  191  pp. 

Byers.  H.R..  and  Coons.  R.D.  (1947)  The  'bright  line"  in  radair  cloud  echoes  and  its  probable 
explanation.  J.  Meteor.  4:75-81. 

Cabeinnes.  J.  (1915)  Sur  la  diffusion  de  la  lumiere  par  fair.  C.R.  160:62-63. 

Cabannes.  J.  (1921)  Sur  la  diffusion  de  la  lumiere  par  les  molecules  des  gaz  transparents.  Ann. 
Phys.  (Paris)  15:5-150. 

Cabannes.  J  (1928)  Un  nouveau  phenomene  d’optique:  les  battements  qui  se  produisent  lorsque 
des  molecules  anisotropes  en  rotation  et  vibration  diffusent  de  la  lumiere  visible  ou 
ultravlolette.  C.R.  Acad.  Set  186:1201. 

Cabannes.  J.  (1929)  La  diffusion  moleculalre  de  la  lumiere.  Recueil  des  Conf.-Rapports  de 
Documentation  sur  La  Physique.  16.  Presses  Universitaires  de  France.  Paris. 

Cabannes.  J.  (1932)  La  symetrie  des  molecules  et  les  spectres  de  diffusion.  Ann.  Phys.  (Peiris) 
18:285. 

Cabannes.  J.  and  Rocard.  Y.  (1929)  La  theorie  electromagnetique  de  Maxwell-Lorentz  el  la 
diffusion  moleculalre  de  la  lumiere.  J.  Phys.  Rad.  10:52-71. 

Cai.  Q.  and  Liou.  K.N.  (1982)  Polarized  light  scattering  by  hexagonal  ice  crystals:  theory.  Appl. 

Opt.  21:3569-3580. 

Cajori.  F.  (1970)  A  History  of  Physics:  in  its  Elementary  Branches  (through  1925)  Including 
the  Evolution  of  Physical  Laboratories.  Dover  Publ.  424  pp. 

Campen.  C.F..  Cunningham.  R.M..  Plank.  V.G..  Atlas.  D..  Donaldson.  R.J.  and  Kessler,  E,.  Ill 
(1957)  Electromagnetic  wave  propcigation  in  the  lower  atmosphere.  Handbook  of  Geophysics. 
I.Chap.  13.  32  pp. 

Campen.  C.F..  Cunningham.  R.M..  Plank.  V.G..  Atlas.  D..  Donaldson.  R.J.  and  Kessler.  E..  Ill 
(1960)  Electromagnetic  wave  propagation  in  the  lower  atmosphere.  Handbook  of  Geophysics. 
revised,  Macmillan,  NY,  Chap.  13.  32  pp. 

Carbone,  R.E.  (1985)  Comments  on  "Functional  fits  to  some  observed  drop  size  distributions 
emd  parameterizations  of  rain".  J.  Atmos.  Set  42:1346-1348. 

Ccirbone,  R.E.  and  Bohne.  A.R.  (1975)  CellulcU"  snow  generation-a  doppler  radar  study.  J.  Atmos. 
Set  32:1384-1394. 

Carbone,  R.E.  and  Nelson,  L.D.  (1978)  The  evolution  of  raindrop  spectra  in  warm-based 
convective  storms  as  observed  and  numerically  modeled.  J.  Atmos.  Set  35:2302-2314. 

Carey,  J.  (1988)  The  mystery  of  sirctic  haize.  Weatherwise.  41:97-99. 

Carrier,  L.W.,  Cato.  G.A.  amd  von  Essen,  K.J.  (1967)  The  backscatter  and  extinction  of  visible  and 
infrared  radiation  by  selected  major  cloud  models.  Appl.  Opt.  6: 1209-1216. 

Carslaw.  H.S.  and  Jaeger.  J.C.  (1959)  Conduction  of  heat  in  solids.  2nd  ed.  Clarendon  Press,  510 
PP- 

Caton,  P.F.  (1966)  Raindrop-size  distributions  in  the  free  atmosphere.  Quart  J.  Roy.  Meteor.  Soc. 
92:15-30. 

Chai,  S.K.  and  Telford,  J.W.  (1983)  Convection  model  for  stratus  cloud  over  a  warm  water  surface. 
Bound  Layer  Meteor.  26:25-29. 

Chai,  S.K.,  Rogers.  D.P.  and  Telford,  J.W.  (1985)  Comments  on  "Mixing  and  the  evolution  of  cloud 
droplet  size  spectra  in  a  vigorous  continental  cumulus".  J.  Atmos.  ScL  42:753-757. 

Chagnon.  C.W.  and  Junge,  C.E.  (1961)  The  vertical  distribution  of  sub-micron  particles  in  the 
stratosphere,  J.Meteor.  18:746. 


137 


Chalmers.  J.A.  (1951)  The  oriein  of  the  electric  charge  on  rain.  Quart.  J.  Roy.  Meteor.  Soc. 
77:248-259. 

Chalmers,  J.A.  (1967)  Atmospheric  Electricity,  2nd  Ed.  Pergamon,  Oxford. 

Chalmers,  J.A.  and  Pasquill.  F.  (1938)  The  electric  charges  on  single  raindrops  and  snowfleikes. 
Proc.  Phys.  Soc.  London,  50:1-15. 

Chandrasekhar,  S.  (1950)  Radiative  Transfer .  Oxford.  England,  Clarendon  Press,  393  pp.  (1960) 
Dover  Publications.  Inc.,  New  York. 

Chandrasekheu'.  S.  and  Elbert.  D.D.  (1954)  The  illumination  and  polarization  of  the  sunlit  sky 
on  Rayleigh  scattering,,  Trans.  Amer.  PhiL  Soc.  44:643-654. 

Chcindrasekar,  V.  and  Bringi,  V.N.  (1986)  Estimators  of  drop-size  distribution  parameters  from 
raindrop  sampling  devices.  Preprints  23rd  Radar  Meteorology  Conf.  and  Cloud  Physics  Con/., 
Snowmass.  Colorado.  Amer.  Meteor.  Soc.  JP154-JP157. 

Chemdrasekar,  V.,  Cooper,  W.A.  and  Bringi.  V.N.  (1988)  Axis  ratios  and  oscillations  of  raindrops. 
J.  Atmos.  Sci.  45:1323-1333. 

Changnon,  S.A.,  Jr.  (1971)  Note  on  hailstone  size  distributions.  J.  AppL  Meteor.  10:168-170. 

Chapuis,  J.  (1880)  C.R.  Acad.  Set,  Sur  le  spectre  d'absorption  de  I'ozone,  91:985-986. 

(Historic  reference,  atmospheric  optics). 

Charlson,  R.J.  (1969)  Atmospheric  visibility  related  to  aerosol  mass  concentration.  Environ.  Set 
TechoL  3:913-918. 

Charlson.  R.J..  Ahlquist,  N.C.  and  Horvath,  H.  (1968)  On  the  generality  of  correlation  of 
atmospheric  aerosol  mass  concentration  and  light  scatter,  Atmos.  Environ.  2:455-464. 

Chen,  C.C.  (1975)  Attenuation  of  Electromagnetic  Radiation  by  Haze.Fog,  Clouds  and  Rain, 

Rand  Corp.  Rep.  R-  1694-PR. 

Cheng.  L.  and  English,  M.  (1983)  A  relationship  between  hailstone  concentration  and  size.  J. 
Atmos.  Set  40:204-213. 

Cheng,  L.,  English,  M.  and  Wong.  R.  (1985)  Hailstone  size  distributions  and  their  relationship 
to  storm  thermodynamics.  J.  Climate  Appl.  Meteor.  24:1059-1067. 

Chernov,  L.A.  (1967)  Wave  Propagation  in  a  Random  Medium  (Transl.  by  R.A.  Silverman).  Dover 
Publ.  New  York,  168  pp. 

Chestermem,  W.D.  and  Stiles,  W.S.  (1948)  Symposium  on  searchlights.  Ilium.  Eng.  Soc.  London. 

Chisholm,  D.A.  (1974)  The  mesoscale  variability  of  visibility  in  time  and  space,  Proc.  5th  Conf. 
on  Weather  Forecasting  and  Analysis.  St.  Louis.  Mo.,  Amer.  Meteor.  Soc.  Boston.  Mass. 

Chisholm,  D.A.  and  Kruse,  H.  (1974)  The  Variability  of  Airfield  Visibility:  a  Preliminary 
Assessment,  AFCRL  TR-74-0027.  AD  777219. 

Chisholm,  D.A.  and  Kruse.  H.  (1974)  The  Variability  of  Airfield  Visibility:  a  Preliminary 
Assessment.  AFCRL  TR-74-0265,  AD  78479 1 . 

Chisholm,  J.H.,  Portman,  P.A.,  de  Bettencourt.  J.T.  and  Roche,  J.F.  (1955)  Investigations  of 
angular  scattering  and  multipath  properties  of  tropospheric  propagation  of  short  radio 
waves  beyond  the  horizon,  Proc.  I.R.E.  43:1317. 

Church,  J.F.,  Poes,  K.K.  and  Spatola,  A. A.  (1975)  The  Continuous  Aluminum  Foil  Sampler;  Design 
Operation,  Data  Analysis  Procedures,  and  Operating  Instructions,  Instrumentation  papers. 

No.  235.  AFCRL-TR-75-0370.  AD  AO  19630,  70  pp. 


138 


Chodorow.  M.  (1959)  Investigation  of  the  Microwave  Properties  of  Plasmas.  Period  Covering  1 
August  to  31  October,  1959,  Microwave  Lab..  Stanford  Univ.  Sci.  Rep.  No.  5,  M.L.  Rep.  No. 
669 

Choularton,  T.W.,  Consterdine,  I.E.,  Gardiner.  B.A..  Gay,  M.J..  HiJl.  M.K..  Latham.  J.  and 
Stromberg,  I.M.  (1986)  Field  studies  of  the  optical  and  micro-physical  characteristics  of 
clouds  enveloping  Great  Dun  Fell.  Quart.  J.  Roy.  Meteor.  Soc.  112:131-148. 

Chuvaev.  A.P.  and  Kryukova.  G.T.  (1954)  Nekotorye  rezul'taty  issledovanii  moshchnykh 

kuchevykh  oblcikov  (Some  results  of  the  investigation  of  thick  cumuliform  clouds).  Trudy 
Glavnaia  Geq/izicheskaia  Observatoriia.  No.  47.  109. 

Chylek.  P.  (1978)  Extinction  and  liquid  water  content  of  fogs  and  clouds.  J.  Atmos.  Set  35:290- 
300. 

Chylek.  P.,  Grams.  G.W.  and  Pinnlck.  R.G.  (1976)  Light  scattering  by  irregularly  randomly 
oriented  particles.  Science.  193:480-482. 

Clark.  T.L.  emd  Hall,  W.D.  (1983)  A  cloud  physical  parameterization  method  using  movable 
basis  functions.  Stochastic  coalescence  parcel  calculations.  J.  Atmos.  Set  40:1709-1728. 

Clark.  V.F.  (1946)  The  multicylinder  method,  Mt.  Washington  Mon.  Res.  BulL  2:No.  6. 

Clausius.  R.  (1847)  Uber  der  Lichtzerstreuung  in  der  Atmosphare  and  uber  die  Intensltat  des 
durch  die  Atmosphare  reflectirten  Sonnenllchts.  Annalen  der  Physik.  72:294.  (Auszug  aus 
zwei,  im  Journal  fur  reine  und  augewandte  Mathematik  (Crelle’s  Journal)  (Bd.  34  und  36) 
vollstandig  erschelnen  Abhandlungen.) 

Clausius,  R.  (1849)  Ober  die  Natur  deijenigen  Bestandtheile  der  Erdatmosphare  durch  welche  die 
Lichtreflexion  in  derselben  bewirkt  wird.  Annalen  der  Physik.  76:161. 

Clausius,  R.  (1849)  Uber  die  blaue  Farbe  des  Himmels  und  die  Morgen  und  AbendrOthe.  Annalen 
der  Physik  76: 188. 

Clausius,  R.  (1851)  Bemerkungen  iiber  die  Erkiarung  der  Morgen  und  AbendrSthe,  Annalen  der 
Physik  84:449. 

Clausius,  R.  (1853)  Ober  des  Vorhandenseyn  von  Deimpfbiaschen  in  der  Atmosphare  und  ihren 
Einfluss  auf  die  Lichtreflexion  und  Farben  derselben,  Annalen  der  Physik.  88:543. 

Clift,  R..  Grace.  J.R.  cmd  Weber.  M.E.  (1978)  Bubbles,  drops  and  particles.  Academic  Press.  380  pp. 

Clough,  S.A.,  Kneizys,  F.X.,  Rothman,  L.S.  emd  Gallery,  W.O.  (1981)  Atmospheric  spectral 
transmittance  emd  radiance.  FASCODE.  Proc.  Soc.  Photo-Optical  Inst.  Eng.  277:152. 

Cohen,  l.D.  (1979)  Cirrus  Particle  Distribution  Study,  Part  5,  Air  Force  Surveys  in  Geophysics, 

No.  414,  AFGL-TR-79-0155.  AD  A077361.  81  pp. 

Cohen.  l.D.  (1981)  Cirrus  Particle  Distribution  Study.  Part  8,  AFGL-TR-81-0316,  AD  A1 18715. 

Cohen,  l.D.  and  Barnes,  A.A.  (1980)  Cirrus  Particle  Distribution  Study,  Part  6,  Air  Force  Surveys 
in  Geophysics.  No.  430,  AFGL-TR-80-26 1 .  AD  A096772,  106  pp. 

Cohen,  1.  D.  and  Sweeney.  H.J.  (1983)  Melting  Layer  Survey  Final  Report,  AFGL-TR-83-0200, 
Environmental  Research  Papers  No.  848,  AD  A13791 1. 

Cole.  A.E.  and  Donaldson,  R.J.  (1965)  Precipitation.  Handbook  of  Geophysics  and  Space 
Envtonments,  Sec.  5.1,  6  pp. 

Cole,  A.E..  Donaldson.  R.J..  Sissenwine.  N..  Atlas.  D.  and  Kessler.  E..  Ill  (1960)  Precipitation, 
Handbook  of  Geophysics,  revised,  Macmillan.  NY,  Chap.  6.  14  pp. 


139 


Coleman.  H.S.  and  Verplanck,  W.S.  (1948)  A  comparison  of  computed  and  experimental  detection 
ranges  of  objects  viewed  with  telescopic  systems  from  aboard  ship,  J.  Opt.  Soc.  Amer. 
38:250-253. 

Collis,  R.T.H.  emd  Russell,  P.B.  (1976)  Laser  monitoring  of  the  atmosphere.  E.D.  Hinkley.  Ed., 
Springer,  New  York.  117. 

Condron,  T.P.  (1959)  Atmospheric  refraction  of  infrared  radiation.  Air  Force  Cambridge  Res.  Ctr. 
GRD  Res.  Notes  No.  23. 

Condron,  T.P.,  Toolin,  R.B.  and  Stakutis.  V.J.  (1957)  Visibility,  Handbook  of  Geophysics, 

I,  Chap.  14.  18  pp. 

Condron,  T.P..  Toolin.  R.B.  and  Stakutis.  V.J.  (1960)  Visibility,  Handbook  of  Geophysics,  revised, 
Macmillcm.  NY.  Chap.  14,  18  pp. 

Conrad,  V.  (1899)  Ober  den  wassergehalt  der  wolken.  Meteor.  Z.  XXXrv. 

Conrad.  V.  (1899)  Ober  den  wassergehalt  der  wolken  (About  the  water  content  of  clouds.) 
AnzeigercL  Deusch,  K.  k.  Akad.  cL  Wiss.  fWien)  9.  XI. 

Conrad,  V.  (1901)  Ober  den  Wassergehalt  der  Wolken.  Denkschrift  Math.-Naturwiss,  K.  Akad.  d. 
Wissensch,  (Wien)  73: 1 15-131. 

Conrad,  V.  (1907)  Bildung  und  konstitution  der  wolken  (Formation  and  constitution  of  clouds). 
Meteor.  Z.  XVII, 

Cook.  C.E.  (1960)  Pulse  compression:  key  to  more  efficient  radar  transmission.  Proc.  IRE,  48:310- 
316. 

Comford,  S.  (1965)  Fall  speeds  of  precipitation  elements.  Quart.  J.  Roy.  Meteor.  Soc.  91:91-94. 

Covert.  D.S..  Charlson,  R.  J.  and  Ahlquist,  N.C.  (1972)  A  study  of  the  relationship  of  chemical 
composition  and  humidity  to  light  scattering  by  aerosols,  J.  Appl,  Meteor.  11:968-976. 

Cox,  R.G.  (1965)  The  steady  motion  of  a  particle  of  the  arbitrary  shape  at  small  Reynolds 
numbers,  J.  Fluid  Mech.  23:625-643. 

Creiln,  J.N.,  Viescas,  J.J.  and  Davis.  R.E.  (1988)  Atmospheric  aerosol  and  optics  data  library 
(AAODL),  Battlefield  Dust  Ei.  'ironment  Symposium  III.  (Ed.  R.R.  Williams  and  R.E.  Davis) 
149-154. 

Crane,  A.K.  (1980)  Prediction  of  attenuation  by  rain.  IEEE  Trans.  Comm.  COM-28: 17 17- 1733. 

Crane.  R.K.  (1978)  Evaluation  of  Uncertainties  in  the  Estimation  of  Hydrometeors  Mass 

Concentration^  '  sing  Spandar  Data  and  Aircraft  Measurements.  Sci.  Rep.  No.  1,  AFGL-TR- 
78-0118.  AD  A059223.  107  pp. 

Crane,  R.K.  (1990)  Space-time  structure  of  rain  rate  fields.  J.  Geophys.  Res.  95:201 1-2020. 

Crawley,  H.W.  (1861)  (Lower  oblique  arcs).  Rep.  Brit.  Assn.  2:63, 

Crova,  M.A.  (1894)  Sur  I'analyse  de  la  lumiere  diffusee  par  le  ciel,  C.R.  109:493  and  (1896)  Sur 
('analyse  de  la  lumiere  diffusee  par  le  ciel.  C.R.  112: 1 178.  also  Annalen  de  Chimie  et  de 
Physique,  XX:480. 

Cunningham,  R.  M.  (1947)  A  different  explanation  of  the  "Bright  Line",  J.  Meteor.  4: 163. 

Cunningham,  R.M.  (1952)  The  Distribution  and  Growth  of  Hydrometeors  Around  a  Deep  Cyclone. 
Tech.  Rep.  No.  18,  Mass.  Inst,  of  Tech.,  Weather  Radar  Res. 

Cunningham,  R.M.  (1959)  Cumulus  Circulation  .  Recent  Advances  in  Atmospheric  Electricity, 
Pergamon  Press.  361-367. 

Cunningham,  R.  M.  (1962)  Cumulus  Climatology  and  Refractive  Index  Studies  II. 

AFCRL-TR-62-252,  Geophys.  Res.  Papers  No.  51. 


140 


Cunninghcim,  R.M.  (1978)  Analysis  of  particle  spectral  data  from  optical  array  (PMS)  1-D  and  2-D 
sensors.  Preprints,  Fourth  Symposium  on  Meteorological  Observations  and  Instrumentation. 
Denver,  Co.  10-14  April  1978,  345-350. 

Cunningham,  R.M.,  Plank,  V.G.  and  Campen.  C.M.  (1956)  Cloud  Refractive  Index  Studies.  AFCRC- 
TR-56-210,  Geophys.  Res.  Paper  No.  51.  106  pp. 

Curcio,  J.A.  (1982)  Visible  and  Infrared  Propagation  Data.  SNOW-ONE  A  Data  Rep.  U.S.  Army 
Corps  of  Engineers,  CRPtEL  Special  Rep.  82-8.  305-322. 

Curcio,  J.A.,  Knestrick,  G.L.  and  Cosden.  T.H.  (1961)  Atmospheric  Scattering  in  the  Visih!''  and 
Infrared,  NRL  Rep.  5567,  and  Atmospheric  Attenuation  Coefficients  in  the  Visible  and  Irifrared, 
NRL  Rep.  5648,  U.S.  Naval  Res.  Lab.,  Washington.  D.C. 

Curran,  R.J.  (1986)  NASA's  plans  to  observe  the  earth’s  atmosphere  with  lidar.  Dig.  IGARRS  '86, 
379-380. 

Czys,  R.R.  and  Ochs.  H.T.,  III  (1988)  The  influence  of  charge  on  the  coalescence  of  water  drops  in 
free  fall.  J.  Atmos.  Set  45:3161-3168. 

Danielson,  R.E..  Moore,  D.R.  and  van  de  Hulst.  H.C.  (1969)  The  transfer  of  visible  radiation 
through  clouds,  J.  Atmos.  Set  26: 1078-1087. 

Das,  P.K.  (1950)  The  growth  of  cloud  droplets  by  coalescence,  Ind.  J.  Meteor,  and  Geophys.  1. 137. 

Das.  P.K.  (1964)  Role  of  condensed  water  in  the  life  cycle  of  a  convective  cloud,  J.  Atmos.  Set  21: 
404-418. 

Dave,  J.V.  (1969)  Scattering  of  visible  light  by  large  water  spheres.  Appl.  Opt.  8:155-164. 

Daviason,  W.F.  and  Master,  W.  (1941)  Automatic  dust  sampling  and  analyzing  instruments 
for  atmospheric  pollution  surveys.  Mon.  Wea.  Rev.  ,  Washington,  D.C.,  69:257-260. 

da  Vinci,  L.  (ca  1470-1519)  Trattato  della  pittura,  CXIII  and  CL).  (Historic  reference,  atmospheric 
optics). 

Davis,  P.A.  (1969)  AppL  Opt.  8:2099. 

De  Angelis,  M.  and  Gaudichet,  A.  (1991)  Sciharan  dust  deposition  over  Mont  Blanc  (French  Alps) 
during  the  last  30  years,  Tellus,  438:61-75. 

deBettencourt,  J.T.  (1974)  Statistics  of  millimeter-wave  rainfall  attenuation.  J.  de  Rech. 
Atmospherique.  8:89- 1 19. 

Debye.  P.J.  (1908)  Das  elektromagnetische  feld  um  einen  zylinder  und  die  theorie  des 
regenbogens,  Physik.  Z.  B:77b-778. 

Debye,  P.J.  (1909)  Der  lichtdruck  auf  kugeln  von  beliebigem  material,  Ann.  Physik.  30:57-136. 

Debye.  P.J.  (1929)  Polar  molecules.  Chemical  Catalog  Co.,  New  York,  Sec.  8. 1  and  Chap.  V. 

Debye.  P.J.  (1929)  Polar  Molecules.  Dover  Press.  New  York. 

Deirmendjian,  D.  (1955)  The  optical  thickness  of  the  molecular  atmosphere.  Arcic  Meteor. 
Geophys.  u.  BioklimatoL  Ser.  86:452. 

Deirmendjian,  D.  (1957)  Theory  of  the  solar  aureole,  part  1:  scattering  and  radiative  transfer, 

Ann  Geophys.  13:286. 

Deirmendjian,  D.  (1959)  Theory  of  the  solar  aureole,  part  II:  application  to  atmospheric  models. 
Ana  Geophys.  15:218. 

Deirmendjian,  D.  (1960)  Quart.  J.  Roy.  Meteor.  Soc.  85:404. 

Deirmendjian,  D.  (1964)  Scattering  and  polarization  properties  of  water  clouds  and  hazes  in  the 
visible  and  infrared,  Appl.  Opt.  3:187-196. 


141 


Deirmendjlan,  D.  (1969)  Electromagnetic  scattering  on  'spherical  polydispersions,  Amer. 

Elsevier.  New  York. 

Deirmendjian,  D.  and  Sekera,  Z.  (1956)  Atmospheric  turbidity  and  the  transmission  of 
ultraviolet  sunlight,  J.  Opt.  Soc.  Amer.  46:565. 

Deirmendjian,  D.  and  Clasen,  R.  J.  (1962)  Light  Scattering  on  Partially  Absorbing  Homogeneous 
Spheres  of  Finite  Size,  RAND  Report  R-393-PR. 

Deirmendjain,  D.  and  Clasen.  R.J.  (1963)  Tables  of  Mie  Scattering  Cross  Sections  and 
Amplitudes,  RAND  Report  R-407-PR. 

Deirmendjian,  D.,  Clasen.  R.J.  and  Viezee,  M.  (1961)  Mie  scattering  with  complex  index  of 
refraction,  J.  Opt.  Soc.  Amer.  51:620. 

Delaney.  A.C.  and  Zenchelsky,  S.T.  (1975)  The  organic  component  of  wind  erosion  generated, 
soil  derived  aerosoi  Soil  Science. 

Derr,  V.E.  (1978)  A  Basic  Comparison  of  Lidar  and  Radar  for  Remote  Sensing  of  Clouds,  Tech. 

Rep.  ERL397-WPL  52.  Wave  Propagation  Laboratory.  NOAA,  Boulder.  Colo. 

Deryagin,  B.V.  and  Vlasenko,  G.  Ya.  (1948)  Potochnyi  metod  ul’tramikro-sopicheskogo 
izmereniya  chastichnoi  kontsentratsii  aerozolei  (Flow  method  of  ultramicroscopic 
measurement  of  the  particle  concentration  of  aerosols).  Dk.  Akad.  Nauk.  (Sou.  Phys.  Dokl.) 

63. 

de  Saussure.  H.B.  (1789)  Mem.  Acad.  Turin  4:409-424.  (Historic  reference,  atmospheric  optics). 

de  Saussure,  H.B.  (1789)  Mem.  Acad.  Turin,  4:425-440.  (Historic  reference,  atmospheric  optics). 

de  Saussure.  H.B.  (1791)  Mem.  de  I'Acad.  de  Turin,  ( 1790)  J.  de  phys.  38: 199.  (Historic  reference, 
atmospheric  optics). 

Descartes,  R.  (ca  1515-1650)  see  Les  meteores,  in  Oeuvres  de  Descartes,  1  1,  edited  by  Adam  and 
Tannery,  (Paris).  12  Vols.  and  Suppl.  (ca  1897-1913). 

Descartes.  R.  (1635)  (First  scientific  record  of  snow  crystals).  In  Aeuvres,  Tome  VI,  Paris,  L.  Cerf. 
1902. 

Dessens,  H.  (1950)  Study  of  the  microphysics  of  natural  clouds.  Centenary  Proc.  of  Roy.  Meteor. 
Soc. 

Diem,  M.  (1942)  Messungen  der  grosse  von  wolkenelementen  1  (Measuring  the  size  of  cloud 
elements).  Ann.  der  Hydrogr.  Bd.  70. 

Diem,  M.  (1948)  Messungen  der  grosse  von  wolkenelementen  11  (Measuring  the  size  of  cloud 
elements).  Met.  RuncL  Bd.  1,  261-273. 

Dinger,  J.E.  and  Gunn,  R.  (1946)  Electrical  effects  associated  with  a  change  of  state  of  water, 

Terr.  Mag.  .4(mos.  Electr.  51:477-494. 

Dingle.  A.N.  (1963)  The  development  of  raindrop-size  distributions  and  implications  related  to 
the  physics  of  precipitation.  J.  Atmos.  Set  20:299-312. 

Dingle,  A.N.  (1963)  Raindrop  "^ize  Studies.  Final  Rep.  AFCRL-63-906. 

Dingle,  A.N.  and  Hardy.  K.R.  (1962)  The  description  of  rain  by  means  of  sequential  raindrop-size 
distributions.  Quart.  J.  Roy.  Meteor.  Soc.  88:301-314. 

Dingle,  A.N.  and  Schulte,  H.F.,  Jr.  (1962)  A  research  instrument  for  the  study  of  raindrop-size 
spectra.  J.  AppL  Meteor.  1:48-59. 


142 


Donaldson,  R.J.  (1955)  The  measurements  of  cloud  liquid-water  content  by  radar.  J.  Meteor. 
12:238-244. 

Donaldson,  R.J.,  Atlas,  D.,  Paulsen,  W.H.,  Cunningham,  R.M.  and  Chmela.  A.C.  (1953) 

Quantitative  1.25  cm  observations  of  rain  and  fog.  Proc.  Conf.  on  Radio  Meteor.  Austin, 

Univ.  of  Texas,.  VU-6. 

Doherty,  L.H.  (1963)  The  scattering  coefficient  of  rain  from  forward  scatter  measurements, 

Proc.  Tenth  Weather  Radar  Cor^.  Amer.  Meteor.  Soc.,  Boston.  171. 

Domo,  C.  (1919)  Physikd.  sonnen  and  himmelstrahlung,  Braunschweig. 

Domo,  C.  (1919)  Himmelshelligkeit,  himmelspolarisatlon  und  sonnenintenssitat  in  Davos  1911 
bis  1918,  Verojffent.  d.  Preuss.  Meteor.  Inst.  Abh.  6:No.303. 

Dorsey,  N.E.  (1948)  The  freezing  of  supercooled  water.  Amer.  Phil.  Soc.  Trans.  38:Pt.3. 

Douglas,  C.A.  and  Young,  L.L.  (1945)  Development  of  a  transmissometer  for  determining  visual 
range,  U.S.  Dep.  of  Commerce.  C.A.A.  Tech.  Div.  Rep.  No.  47. 

Douglas,  C.K.M.  (1934)  The  physical  processes  of  cloud  formation.  Quart.  J.  Roy.  Meteor.  Soc. 
60:333-341. 

Doviak.  R.J.  and  Zrnic,  D.S.  (1984)  Rellection  and  scatter  formula  for  anisotropically  turbulent 
air.  Radio  ScL  19:325-336. 

Draginis,  M.  (1958)  Liquid  water  within  convective  clouds,  J.  Meteor.  15:481-485. 

Driving,  A.J.,  Mironov,  A.V.,  Morozov,  V.M.  and  Khvostikov,  l.A.  (1943)  The  study  of  optical  and 
physical  properties  of  natural  fogs,  Izvestiia  Akad.  Nauk  (SSSR),  Ser.  Geogr.  i  Geojiz.  No.  2, 
70-82. 

Dugin,  V.P.  and  Mirumyants,  S.O.  (1976)  The  light  scattering  matrices  of  artificial  crystalline 
clouds,  fzu.  Acad.  Sci.  USSR  Atmos.  Ocean  Phys.  12:988-991. 

Duncan.  A.D.  (1966)  The  measurement  of  shower  rainfall  using  an  airborne  foil  impactor,  J. 
Appl.  Meteor.  5:198-204. 

Dunkelman,  L.  (1952)  Horizontal  Attenuation  of  Ultraviolet  and  Visible  Light  by  the  Lower 
Atmosphere,  NRL  Rep.  4031,  U.S.  Naval  Res.  Lab.,  Washington.  D.C. 

Duntley,  S.Q.  (1946)  Visibility  of  distant  objects.  Summary  Technical  Report  of  N.D.R.C. 

Division  16,  Vol.  2. 

Duntley,  S.  Q.  (1943)  The  optical  properties  of  diffusing  materials,  J.  Opt.  Soc.  Amer.  32:61. 

Duntley,  S.Q.  (1943)  The  mathematics  of  turbid  media,  J.  Opt.  Soc.  Amer.  33:252. 

Duntley,  S.Q.  (1946)  The  reduction  of  contrast  by  the  atmosphere  (abstract),  and  the  visibility  of 
objects  seen  through  the  atmosphere,  J.  Opt.  Soc.  Amer.  36:359. 

Duntley.  S.Q.  (1946)  Contrast  reduction  by  the  atmosphere  along  inclined  paths  of  sight,  J.  Opt 
Soc.  Amer.  36:7 13A. 

Duntley.  S.Q.  (1948)  The  reduction  of  appeirent  contrast  by  the  atmosphere.  J.  Opt.  Soc.  Amer. 
38:179-191. 

Duntley,  S.Q.  (1948)  The  visibility  of  distant  objects.  J.  Opt.  Soc.  Amer.  38:237-249. 

Duntley,  S.Q.,  Boileau,  A.R.  and  Preisendorfer,  R.W.  (1957)  Image  transmission  by  the 
troposphere,  J.  Opt.  Soc.  Amer.  47:499-506. 

Duntley,  S.Q.,  et  al.  (1964)  Visibility,  Appl  Opt.  3,  (No.  5):550. 

Durbin.  W.  (1959)  Droplet  sampling  in  cumulus  clouds,  Tellus,  7:202-215. 


143 


Dyer,  R.  M.  (1970)  Particle  fall  speeds  within  the  melting  layer.  Preprints  14th  Radar 
Meteorology  Conf.  Tucson,  Amer.  Meteor.  Soc.  157-160. 

Dyer,  R.M.  and  Glass,  M.  (1982)  Observed  changes  in  ice  crystal  type  in  thick  stratiform  clouds, 
Conf.  on  Cloud  Physics,  15-18  Nov.  1982,  Chicago,  IL. 

Dyer,  R.M.,  Gringorten,  1.1.  and  Tattelman,  P.  (1985)  Precipitation,  Handbook  of  Geophysics  and 
Space  Environment,  AD  A167000,  Section  16.2,  19  pp. 

East,  T.W.R.  (1955)  Precipitation  of  convective  water  clouds,  Proc.  1st  Conf  on  the  Phys.  of  Cloud 
andPrecip.  Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  192-201. 

East,  T.W.R.  and  Meirshall,  J.S.  (1954)  Turbulence  in  clouds  as  a  factor  in  precipitation.  Quart. 

J.  Roy.  Meteor.  Soc.  80:26-47. 

Ebersole,  J.F.,  Cheng,  W.K.,  Hallett,  J.  and  Hohlfeld,  R.G.  (1985)  Effects  of  Hydrometeors  on 
Electromagnetic  Wave  Propagation,  AFGL-TR-84-0318,  AD  A 155379. 

Edlen,  B.  (1953)  Dispersion  of  standard  air,  J.  Opt.  Soc.  Amer.  43:339. 

Einstein,  A.  and  Smoluchowski,  M.  (1936)  Brownian  motion,  Ob'edin,  Nauchno-Tekh,  Izdat, 
Moscow,  148. 

Eldridge,  R.G.  (1957)  Measurements  of  cloud  drop-size  distribution.  J.  Meteor.  14:55-59. 

Eldridge,  R.G.  (1966)  Haze  and  fog  aerosol  distributions,  J.  Atmos.  ScL  23:605-613. 

Elliott,  R.D.  and  Hovind.  E.L  (1964)  The  water  balance  of  orographic  clouds,  J.  Appl.  Meteor. 
3:235-239. 

Elsley,  E.M.  (1951)  Alberta  Forest-fire  smoke-24  September,  1950,  Weather.  6:22. 

Elterman,  L.  (1968)  UV,  Visible  and  IR  Attenuation  for  Altitudes  to  50  km.  AFCRL-68-0 1 53. 

AD  671933,  Environ.  Res.  Papers  No.  285,  AFCRL.  Bedford.  MA.  49  pp.  . 

Elterman,  L.  (1970)  Vertical  Attenuation  Model  with  Eight  Surface  Meteorological  Ranges  2  to  13 
Kilometers.  AFCRL- 70-0200,  AD  707488. 

Elterman,  L.  and  Toolin,  R.  B.  (1965)  Atmospheric  optics.  Handbook  of  Geophysics  and  Space 
Environments,  Sec,  7. 1 ,  2  pp. 

Elterman,  L.,  Toolin.  R.B.  emd  Essex.  J.E.  (1973)  Stratospheric  aerosol  measurements  with 
implications  for  global  climate.  Appl.  Opt.  12:330-337. 

Emmons,  G.  and  Montgomery,  R.B.  (1947)  Note  on  the  physics  of  fog  formation.  J.  Meteor. 

4:206 

Enenstein,  N.H.  The  effect  of  water  droplets  on  the  index  of  refraction,  Symp.  on  Trop. 

Wave  Prop.  USNELRep.  173,  52. 

Engstrom,  R.W.  (editor)  (1974)  RCA  Electro-Optics  Handbook.  Tech.  Ser.  EOH-1 1,  "Eye  response 
and  luminous  efficacy".  Sec.  5,  45,  "Atmospheric  transmittance".  Sec.  7,  81. 

Eon,  L.G.  and  Tibbies,  L.G.  (1945)  Investigations  of  the  "Bright  Band",  Rep.  No.  30.  Canadian  Army 
Operational  Res.  Group. 

Eschelback,  G.  (1973)  Calculs  numeriques  concernant  la  luminance,  le  taux  de  polarization  et  les 
divergences  du  flux  cnergetique  de  la  region  visible  du  spectre  solaire  dans  I'atmosphere 
trouble  tenant  compte  de  la  diffusion  multiple.  Ann.  Geophys.  29:329-339. 

Euler,  L.  (1812)  Letters  of  Euler  on  Different  Subjects  in  Natural  Philosophy  Addressed  to  a 
German  Princesss,  vol.  1.  (Historic  reference,  turbidity).  Trans.  David  Brewster,  2  vols.. 

Harper  and  Brothers,  New  York. 

Fahlen,  T.S.  emd  Bryant,  H.C.  (1968)  Optical  back  scattering  from  single  water  droplets.  J.  Opt. 
Soc.  Amer.  58:304-310. 


144 


Falcone.  V.J.  and  Dyer,  R.  (1985)  Electromagnetic  wave  propagation  in  the  lower  atmosphere. 
Handbook  of  Geophysics  and  Space  Environment,  AD  A 167000,  Chap.  19.  15  pp. 

Falcone.  V.J,  Abreu.  L.W.  and  Shettle.  E.P.  (1979)  Atmospheric  Attenuation  of  Millimeter 

and  Submillimeter  Waves:,  Models  and  Computer  Code,  AFGL-TR-79-0253,  AD  A084485.  ERP 
No.  679,  76  pp. 

Farmer,  W.M.  (1988)  Smoke  and  obscurant  transmissometry.  Battlefield  Dust  Environment 
Symposium  III,  (Ed.  R.R.  Williams  and  R.E.  Davis)  99-114. 

Fedi,  F.,  et  al  (1974)  Attenuation:  theory  and  measurements.  J.  deRech.  Atmos.  8:465-472. 

Feigel'son,  Malkevich,  Kogan,  Koronatov.  Glazova  and  Kuznetsov  (1958)  Calculation  of  the 
brightness  of  light  in  atmosphere  for  anisotropic  scattering,  Acad,  of  Sciences  Press. 

Feinberg,  R.  (1988)  An  interview  with  William  K.  Bischel  on  light  scattering  phenomena.  OE 
Reports,  No.  55. 

Feldman,  N.E.  (1979)  Rain  Attenuation  over  Earth-Satellite  Paths,  Science  Applications,  Inc., 

Final  Report  on  Contract  N00039-79-C-0136  for  Naval  Electronic  Systems  Command,  AD 
A075390. 

Fenn,  R.W.,  Clough,  S.A.,  Gallery,  W.O..  Good.  R.E..  Kneizys,  F.X..  Mill,  J.D.,  Rothman,  L.S.. 

Shettle,  E.P.  and  Volz,  F.E.  (1985)  Optical  and  Infrared  Properties  of  the  Atmosphere.  Chap. 

18  in  Handbook  of  Geophysics  and  the  Space  Environment,  A.S.  Jursa.  Ed.  AFGL.  1  -80,  AD 
A 167000. 

Femald.  F.G.  (1984)  Analysis  of  atmospheric  lidar  observations:  some  comments.  Appl.  Optics. 
23:652-653. 

Femald.  F.G..  Herman,  B.M.  and  Reagan.  J.A.  (1972)  Determination  of  aerosol  height  distribu*  n 
by  lidar,  J.  Appl.  Meteor.  11:482-489. 

Fetter.  R.W.  (1970)  Radar  weather  performance  enhanced  by  pulse  compression.  Preprints 
14th  Radar  Meteorology  Corf.  Tucson,  Amer.  Meteor.  Soc.  413-418. 

Findeisen,  W.  (1932)  Measurement  of  the  size  and  number  of  cloud  drops  for  the  study  of 
coagulation  in  non-homogeneous  clouds.  Gerl.  Beitr.  z  Geophys.  35:295-340. 

Findeisen.  W.  (1938)  Die  kolloid-meteorologischen  vorgSnge  bei  der  nieder-schlagsbildung. 

Meteor.  Z.  55:121-135. 

Findeisen,  W.  (1939)  Zur  Frage  der  Regentropfenbildung  in  reinen  Wasserwolken.  Meteor.  Z. 
56:365-368. 

Findeisen,  W.  and  Findeisen,  E.  (1943)  Untersuchungen  iiber  die  Eissplitterbildung  an 
Reifschichten,  Meteor.  Z.  60: 145-154. 

Fischer.  K.  (1973)  Mass  absorption  coefficient  of  natural  aerosol  particles  in  the  0.4-2. 4  pm 
wavelength  interval,  Contrib.  Atmos.  Phys.  46:89-100. 

Fitzgerald.  J.W.  (1974)  Effect  of  aerosol  composition  on  cloud  droplet  size  distribution:  a 
numerical  study,  J.  Atmos.  Set  31:1358-1367. 

Fitzgerald,  J.W.  emd  Spyers-Duran,  P.A.  (1973)  Change  in  cloud  nucleus  concentration  and  cloud 
droplet  size  distribution  associated  with  pollution  from  St.  Louis..  J.  AppL  Meteor.  12:51 1-516. 

Fleagle,  R.G.  and  Businger.  J.A.  (1963)  An  Introduction  to  Atmospheric  Physics.  Academic  Press, 

New  York. 

Fletcher.  N.H.  (1962)  The  Physics  of  Rain  Cloucls.  Cambridge  Univ.  Press.  386  pp. 

Fletcher.  R.D.  (1949)  The  Donora  smog  disaster-a  problem  in  atmospheric  pollution. 

Weatherwise,  2,  56-60. 


145 


Foltzik,  L.  (1933)  Eln  neuer  slchtmesser.  Meteor.  Z.  50:473-474. 

Foitzik.  L.  (1947)  Ober  ein  gerat  und  eine  methode  zur  messung  der  tages-und  nachtsicht 
(Slchtmesser).  Z.  Meteor.  1:330-337. 

Foote.  G.B.  and  du  Toit,  P.S.  (1969)  Terminal  velocity  of  raindrops  aloft.  J.  Appl.  Meteor.  8:249- 
253. 

Forbes.  J.D.  (1840)  TVans.  Roy.  Soc.  Edinburgh,  14:371-374.  (Historic  reference,  atmospheric 
optics). 

Ford.  K.W.  and  Wheeler.  J.A.  (1959)  Semiclassical  description  of  scattering.  Arm.  Phys.  7:259-286. 

Franz.  W.  (1957)  Theorie  der  beugung  elektromagnetischer  wellen.  Springer-Verlag.  Berlin. 

Fraser.  A.B.  (1979)  What  size  of  ice  crystals  causes  the  halos?  J.  Opt  Soc.  Amer.  69: 1112-1118. 

Fraser.  A.B.  (1983)  Why  can  the  supernumerary  bows  be  seen  in  a  rain  shower?  J.  Opt.  Soc. 

Amer.  73:1626-1628. 

Fraser.  A.B.  and  Scorer.  R.S.  (1968)  Research  on  Cloud  Formations,  Final  Rep.  Imperial  Coll, 
of  Sci.  and  Tech..  London.  50  pp. 

Fraser.  R.S.  (1959)  Scattering  Properties  of  Atmospheric  Aerosols.  Sci.  Rep.  No.  2.  Contract  AF19 
042  429.  University  of  California  at  Los  Angeles.  AFCRL  TN  60-256.  AD  233  288. 

Fraser.  R.S.  (1964)  Apparent  contrast  of  objects  on  the  earth's  surface  as  seen  from  above  the 
Ceirth's  atmosphere.  J.  Opt.  Soc.  Amer.  54: No. 3. 

Friend.  J.P.  (1966)  Properties  of  the  stratospheric  aerosol.  Tellus.  18:465-473 

Frisch.  H.L.  and  Collins.  F.C.  (1952)  Diffusion  process  in  the  growth  of  aerosol  particles.  J.  Chem. 
Phys.  20:1797-1803. 

Frlsh.  H.L.  and  Codins.  F.C.  (1953)  Diffusional  processes  in  the  growth  of  aerosol  particles,  11, 

J.  Chem.  Physics,  21:2158-2165. 

Frisinger,  J.  Howard  (1977)  The  History  of  Meteorology,  to  1800,  Neale  Watson  Academic 

Publications,  Inc.,  New  York  also.  2nd  Printing,  American  Meteorological  Society,  Boston.  1983. 

Frith,  R.  (1951)  The  size  of  cloud  particles  in  stratocumulus  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  77. 

Fritz,  S.  (1954)  Scattering  of  solar  energy  by  clouds  of  large  drops.  J.  Meteor.  11:291-300. 

Fritz,  S.  (1958)  Absorption  and  scattering  of  solar  energy  in  clouds  of  large  water  drops,  J.  Meteor. 
15:51-58. 

Fritz,  S.,  Neilburger.M..  Aufm  Keimpe.  H.J  eind  Weickmann.  H.K.  (1954)  Small  drops,  liquid-water 
content  and  transmission  in  clouds.  J.  Meteor.  11:428-430. 

Frohlich.  C.  and  Shaw,  G.E.  (1980)  New  determination  of  Rayleigh  scattering  in  the  terrestrial 
atmosphere,  AppL  Opt.  19:1773-1775. 

Frossling,  N.  (1938)  Ober  die  verdunstung  fallenden  tropfen.  Gerlands  Beitr.  Geophysik,  52:170-216. 

Fujiwara,  M.  (1960)  An  analytical  investigation  on  the  variability  of  size  distribution  of 
raindrops  in  convective  storms,  Proc.  Eighth  Weather  Radar  Corif.,  San  Francisco,  Amer. 

Meteor.  Soc.  159-166. 

Fujiwara,  M.  (1965)  Raindrop-size  distributions  from  individual  storms,  J..  Atmos.  Set  22:585- 
591. 


146 


Fujlwara.  M.  (1965)  A  proposed  formula  of  raindrop-size  distribution.  Proc.  Int.  ConJ.  Cloud 
Physics,  Tokyo,  256-270. 

Fujiwara,  M.  and  Yanase.  T.  (1968)  Raindrop  Z-R  relationship  in  different  altitudes.  Preprints 
13th  Radar  Meteorology  Con/.,  Montreal,  Amer.  Meteor.  Soc.  380-383. 

Fujlwara.  M.  jmd  Yanase.  T.  (1971)  On  raindrop  size  distribution  in  warm  rain.  Papers  in  Meteor, 
and  Geophys.,  Tokyo.  Japan,  22:61-68. 

Fujiyoshi.  Y.  (1986)  Melting  snowflakes.  J.  Atmos.  Set  43:307-31 1. 

Fujiyoshi,  Y.  and  Wakaheima,  G.  (1985)  On  snow  particles  comprising  an  aggregate.  J.  Climate 
AppL  Meteor..  24:1667-1674. 

Fulks,  J.R.  (1935)  Rate  of  precipitation  from  adiabatically  ascending  air.  Mon.  Wea.  Rev.  63:291- 
294. 

Gabriel.  W.F.  (1976)  Adaptive  arrays-an  introduction,  Proc.  IEEE,  64:239-272. 

Gaertner,  H.  (1947)  The  transmission  of  infrared  in  cloudy  atmosphere,  NAVORD  Rep.  429. 
Washington,  D.C..  Gov't.  Print.  Office.  67  pp. 

Gagge,  A.P.  and  Moriyama,  l.M.  (1935)  The  annual  and  diurnal  variation  of  ions  in  an  urban 
community,  Terr.  Mag.  Atmos.  Elect.  40:295-306. 

Gaivoronskii,  1. 1.  (1949)  Nekotorye  dannye  o  proiskhozhdenii  atmosfernykh  yader  kondensatsii 
(Some  data  on  the  origin  of  atmospheric  condensation  nuclei).  Trudy  Tsentral  Aerolog. 

Observ.  No.  5. 

Gcirland,  J.A.  (1969)  Condensation  on  ammonium  sulphate  particles  and  its  effect  on  visibility, 
Atmos.  Environ.  3:347-354. 

Gates,  D.  and  Shaw.  C.  (1960)  Infrared  transmission  of  clouds.  J.  Opt.  Soc.  Amer.  50:876-882. 

Ge.  Run-Sheng  (1983)  Radar  meteorology  of  20  years  in  China.  Meteor.  Science  and  Technique. 

No.  2.  7-14. 

Geiler,  E.l.  and  Lyubchenko,  V.V.  (1964)  O  vozmozhnom  variante  vozdeistviya  na  tsepnoi  protsess 
V  kuchevykh  oblakakh  (One  alternative  for  the  stimulation  of  the  chain  reaction  in 
cumuliform  clouds).  Vestnik  LGU,  No.  3. 

George,  D.M.  emd  Lefkowitz,  M.  (1972)  A  new  concept:  sensor  equivalent  visibility,  Proc.  IntL 
Conf.  on  Aerospace  and  Aeronautical  Meteor..  Washington.  D.C.,  Amer.  Meteor.  Soc. 

George,  J.J.  (1951)  Fog,  Compendium  of  Meteorology,  Amer.  Meteor.  Soc.,  Boston.  1 179-1 189. 

Gergen,  J.L.  (1958)  Blackness  of  Clouds  as  Determined  from  Radiation  Measurements,  Tech, 
rep.  Atmos.  Phys.  Program.  Univ.  of  Minnesota.  92  pp. 

Gibbons,  L.C..  Matthews,  A.J.,  Berthel,  R.O.  and  Plank,  V.G.  (1983)  Snow  Characterization 
Instruments.  AFGL-TR-83-0063.  AD  A 13 1984.  IP  No.  316,  31  pp. 

Gibson,  J.E.  (1957)  Atmospheric  Attenuation  at  K-Band  Radio  Wavelengths,  Naval  Res.  Lab.,  NRL 
Rep.  4966. 

Gil’Gner,  Yu.A.  (1949)  Metod  opredeleniya  koeffitsientov  ekstinktsii  v  oblakakh  (A  method  of 
determining  coefficients  of  extinction  in  clouds).  Trudy  Tsentral  Aerolog.  Observ.,  No.  5. 

Gillette.  D.A  (1975)  Production  of  fine  dust  by  wind  erosion  of  soil  -  effect  of  wind  and  soil 
texture  -oc.  Atmosphere-Surface  Exchange  of  Particulate  and  Gaseous  Pollutants,  1974 
Symp.  U.S.  Atomic  Energy  Comm,  and  Battelle  Memorial  Institute. 

Giraytys,  J.  (1970)  Can  instruments  be  designed  to  be  both  accurate  and  representative? 

Meteorological  Observations  and  Instrumentation,  Meteor.  Monogr.  11,  Amer.  Meteor.  Soc. 
437-443. 


147 


Glass.  M.  and  Varley.  D.J.  (1978)  Observations  of  Cirrus  Particle  Characteristics  Occurring  with 
Halos.  Conf.  on  Cloud  Physics  and  Atmospheric  Electricity.  Jul  31 -Aug  4.  Issaquah.  Wash,, 
AFGL-TR-78-0196.  AD  A059389. 

Goethe.  J.W.  ,  Von,  Entwurf  einer  farbenlehre,  didaktische  teil,  145-172.  Goethes  Werke.  II 
Abteilung.  BD.  1,  Weimar. 

Goldhirsh,  J.  and  Walsh,  E.J.  (1982)  Rain  measurements  from  space  using  a  modified  Seasat-type 
radar  altimeter.  IEEE  Trans.  Antennas  Propagat.  AP-30:726-733. 

Goldman  L.  (1951)  On  forecasting  ceiling  lowering  during  continuous  rain.  Mon.  Wea.  Rev. 
79:133-142. 

Goldstein,  H.  (1951)  Attenuation  by  condensed  water.  Propagation  of  Short  Radio  Waves. 
McGraw-Hill.  New  York,  Vol.  13,  671-674. 

Goldstein,  L.  (1945)  Absorption  and  Scattering  of  Microwaves  by  the  Atmosphere.  Columbia  Univ. 
Div.  War  Res.  Prop.  Grp.,  Rep.  No.  WPG-1 1.  New  York. 

Goldstein.  L.  (1949)  chapter  in  Radio  Wave  Propagation.  Academic  Press.  New  York. 

Good.  R.E..  Watkins,  B..  Quesada,  A..  Brown.  J.H.  and  Lariot.  G.  (1982)  Radar  and  optical 
measurements  of  Cn^,  Appl.  Opt.  21:2929. 

Gori.  E.G.  and  Joss,  J.  (1980)  Changes  of  shape  of  raindrop-size  distributions  simultaneously 
observed  along  a  mountain  slope.  J.  Rech.  Atmos.  14:289-300. 

Gossard,  E.E.  (1988)  Measuring  drop-size  distributions  in  clouds  with  clear-air  sensing  Doppler 
radar,  J.  Atmos.  Oceanic  Tech.  5:640-649. 

Gossard.  E.E.  (1990)  Radar  research  on  the  atmospheric  boundary  layer.  Chap.  27a.  Radar  in 
Meteorology  (Ed:  D.  Atlas).  Amer.  Meteor.  Soc.,  Boston.  477-527. 

Gossard.  E.E.  and  Strauch,  R.G.  (1983)  Radar  observations  of  clear  air  and  clouds.  Elsevier, 

280  pp. 

Gossard.  E.E.,  Strauch,  R.G.  and  Rogers,  R.R.  (1990)  Morphology  of  dropsize  evolution  in  liquid 
precipitation  observed  by  ground-based  Doppler  radar.  Conf  on  Cloud  Physics.  Amer. 

Meteor.  Soc.  419-426. 

Gossard,  E.E.,  Strauch.  R.G.  and  Rogers.  R.R.  (1990)  Evolution  of  dropsize  distributions  In  liquid 
precipitation  observed  by  ground-based  Doppler  radar,  J.  Atmos,  and  Oceanic  Tech.  7:815- 
828. 

Gott,  J.P,  (1935)  On  the  electric  charge  collected  by  water-drops  falling  through  a  cloud  of 
electrically  cha  ^ed  particles  in  a  vertical  electric  field,  Proc.  Roy.  Soc.  151:665-684. 

Gould.  W.B.  (1949)  Cloud  detection  by  radcir.  Paper  at  Joint  Meeting  of  Amer.  Geophys.  Un.  and 
Amer.  Meteor.  Soc..  Washington,  D.C. 

Govi,  G.  (1860)  De  la  polarisation  de  la  lumiere  par  diffusion,  C.R.  Acad.  ScL,  51:360  and  669. 
(Historic  reference,  atmospheric  optics). 

Goyer,  G.G.  and  Watson,  R.D.  (1968)  Laser  techniques  for  observing  the  upper  atmosphere.  Bull. 
Amer:  Meteor.  Soc.  49:890-895. 

Grabovskii,  R.I.  (1956)  Atrnosfemye  yadra  konden.'^alsii  (Atmospheric  nuclei  of  condensation). 
Gldrometeoizdat. 

Graham,  C.H.  (editor)  (1965)  Vision  and  Visual  Perception,  John  Wiley  and  Sons,  Inc.,  New  York, 
New  York. 

Grcims,  G.W.  and  Wyman,  C.M.  (1972)  Compact  laser  radar  for  remote  atmosperhic  probing  ,  J. 
AppL  Meteor.  1 1 : 1 108- 1 1 1 3. 


148 


Grantham.  D.D..  Lund,  I.A.  and  Davis,  R.E.  (1979)  Estimating  the  Probability  of  Cloud-Free  Fields- 
of-View  between  Earth  and  Airborne  or  Space  Platforms,  Air  Weather  Service  Tech  Rep.  79-001 . 

Great  Britain  Meteor.  Office,  (1950)  Symp.  on  the  measurement  of  visibility.  Meteor.  Magazine. 
(London)  79:112-118. 

Green.  G.  (1837)  Cambridge  Phil  Trans.  VII.  (Historic  reference,  atmospheric  optics). 

Green,  A.W.  (1975)  An  approximation  for  the  shapes  of  large  raindrops,  J.  Appl.  Meteor.  14:1578- 
1583. 

Greenfield.  S.M.  (1956)  Rain  scavenging  of  radioactive  particulate  matter  from  the  atmosphere, 
Rand  Corp. 

Greenler,  R.G.  (1971)  Infrared  rainbow.  Science.  173:1231-1232. 

Greenler,  R.G.  (1980)  Rainbows.  Halos  arui  Glories.  Cambridge  U. Press.  Cambridge. 

Greenler,  R.G.  emd  Mallmann.  A.J.  (1972)  Circumscribed  halos.  Science.  176:128-131. 

Griffin,  D.R..  Hubbard.  R.  and  Wald.  G.  (1947)  The  sensitivity  of  the  human  eye  to  infrared 
radiation,  J.  Opt.  Soc.  Amer.  37:546. 

Grosseteste.  R.  (ca.  1195-1253)  (Luminous  energy-birth  of  optics).  English  Theologian. 

Grover,  S.N.  and  Piuppacher,  H.R.  (1985)  The  effect  of  vertical  turbulent  fluctuations  in  the 
atmosphere  on  the  collection  of  aerosol  particles  by  cloud  drops.  J.  Atmos.  Set  42:2305- 
2318. 

Gruner,  P.  and  Kleinert,  H.  (1927)  Die  dammerungserscheinungen.  Probleme  der  Kosmischen 
Physik,  Henri  Grand,  Hamburg. 

Grunow,  J.  (1960)  the  structure  of  minute  precipitation.  Proc.  Cloud  Phys.  Conf.  Woods  Hole. 
Mass.,  Amer.  Geophys.  Union.  Geophys.  Mono.  No.  5.  104-109. 

Grunow,  J.  (1960)  The  productiveness  of  fog  precipitation  in  relation  to  the  cloud  droplet 
spectrum,  Proc.  Cloud  Phys.  Conf.  Woods  Hole.  Mass.,  Amer.  Geophys.  Union.  Geophys. 

Mono.  No.  5,  110-117. 

Gunn,  K.L.S.  and  Hitschfeld,  W.  (1951)  A  laboratory  investigation  of  the  coalescence  between 
large  and  small  water  drops,  J.  Meteor.  8:7-16. 

Gunn,  K.L.S.  and  East,  T.W.R.  (1954)  The  microwave  properties  of  precipita.  on  particles.  Quart. 

J.  Roy.  Meteor.  Soc.  80:522-545. 

Gunn,  K.L.S.  and  Marshall,  J.S.  (1958)  The  distribution  with  size  of  aggregate  snowflakes.  J. 
Meteor.  15:452. 

Gunn,  R.  (1935)  The  electricity  of  rain  and  thunderstorms.  Terr.  Mag.  Atmos.  Elect.  40:79-106. 

Gunn.  R.  (1947)  Electric  charge  on  precipitation  at  various  altitudes  and  its  relation  to 
thunderstorms.  Phys.  Rev.  71:181-186. 

Gunn,  R.  (1948)  Electric  field  intensity  inside  of  natural  clouds.  J.  Appl.  Phys.  19:481-484. 

Gunn,  R.  (1949)  Mechanical  resonance  in  freely  falling  drops.  J.  Geophys.  Res.  54:383-385. 

Gunn,  R.  (1952)  The  electrification  of  cloud  droplets  in  non-precipitating  cumuli.  J.  Meteor. 
9:397-401. 

Gunn,  R.  (1954)  Diffusion  charging  of  atmospheric  droplets  by  ions  and  the  resulting 
combination  coefficients,  J.  Meteor.  11:339-347. 

Gunn.  R.  (1954)  Electric  field  meters.  Rev.  ScL  Inst.  25:432-437. 


149 


Gunn,  R.  and  Kinzer,  G.D.  (1949)  The  terminal  velocity  of  fall  for  water  droplets  in  stagnant 
air.  J.  Meteor.  6:243. 

Guttman,  N.B.  (1971)  Study  of  worldwide  ocurrence  of  Jog.  thundershowers,  supercooled  low 
clouds  and  frequency  temperatures,  Navair  50-1C-60.  dist.  by  NWSED,  Asheville.  NC. 

Guyton.  A.C.  (1946)  Electronic  counting  and  size  determination  of  particles  in  aerosols,  J. 
Industr.  Hyg.  Tax.  28: 133- 14 1 . 

Haddock,  F.T.  (1948)  Scattering  and  attenuation  of  microwave  radiation  through  rain.  Naval 
Res.  Lab..  Washington.  D.C.  (unpublished  manuscript). 

Hagemann.  V.  (1936)  Eine  methode  zur  bestimmung  der  grbsse  der  nebel-  und  wolken-elementen, 
Gerlands  Beitr.  Geophysik,  32:261-282. 

Hall.  G.A.  (1988)  Millimeter  wave  propagation  through  post-stabilization  nuclear  dust  clouds. 
Battlefield  Dust  Environment  Symposium  III.  (Ed.  R.R.  Williams  and  R.E.  Davis.)  253-268. 

Hallett.  J.  and  Mossop,  S.C.  (1974)  Production  of  secondary  ice  particles  during  the  riming 
process.  Nature  (London).  249:26-28. 

Hallgren,  R.E.  and  Hosier,  C.L.  (1960)  Preliminary  results  on  the  aggregation  of  ice  crystals. 
Physics  of  Precipitation.  Geophys.  Monogr.  No.  5.  Amer.  Geophys.  Union.  257-263. 

Handel,  P.H.  (1985)  Polarization  catastrophe  theory  of  cloud  electricity-speculation  on  a  new 
mechanism  for  thunderstorm  electrification.  J.  Geophys.  Res.  90:5857-5863. 

HAnel.  G.  (1968)  The  real  part  of  the  mean  complex  refractive  index  and  the  mean  density  of 
samples  of  atmospheric  aerosol  particles.  Teltus.  20:371-379. 

Hanel,  G.  (1970)  The  size  of  atmospheric  aerosol  particles  as  a  function  of  relative  humidity, 
Beitr.  Phys.  Atmos.  43: 119-132. 

Hanel,  G.  (1971)  New  results  concerning  the  dependence  of  visibility  on  relative  humidity  and 
their  significance  in  a  model  for  visibility  forecast.  Beitr.  Phys.  Atmos.  44: 137-167. 

Hanel.  G.  (1972)  Computation  of  the  extinction  of  visible  radiation  by  atmospheric  aerosol 
particles  as  a  function  of  the  relative  humidity,  based  upon  measured  properties.  Aerosol 
ScL  3:377-386. 

Hanel,  G.  (1972)  The  ratio  of  the  extinction  coefficient  of  the  mass  of  atmospheric  aerosol 
particles  as  a  function  of  the  relative  humidity.  Aerosol  Set  3:455-460. 

Hanel,  G.  (1976)  The  properties  of  atmospheric  aerosol  particles  as  functions  of  the  relative 
humidity  at  thermodynamic  equilibrium  with  the  surrounding  moist  air.  In:  Advances  in 
Geophys.  Ed.  by  H.E.  Landsberg  and  J.  Van  Mieghem,  Academic  Press.  19:73-188. 

Hemsen,  J.E.  (1969)  Exact  and  approximate  solutions  for  multiple  scattering  by  cloudy  and  hazy 
planetary  atmospheres,  J.  Atmos.  Sci.  26:478-487. 

Hansen.  J.E.  and  Pollack,  J.B.  (1970)  Near-infrared  light  scattering  by  terrestrial  clouds.  J. 
Atmos.  Set  27:265-281. 

Hardy,  K.R.  (1962)  A  Study  of  Raindrop-Size  Distributions  and  Their  Variation  with  Height,  Air 
Force  Ccimbridge  Res.  Lab..  Sci.  Rep.  No.  1.  AFCRL-62- 1091. 

Hardy,  K.R.  (1967)  Distributions  and  compositions  of  clouds  at  supersonic  aircraft  altitudes.  11. 
F^dar  observations  of  cirrus  clouds.  Proc.  Second  Conf.  Rain  Erosion  and  Allied  Phenomena, 
Meersburg,  Germany. 

Hardy.  K.R.,  Blood,  D.W.,  Bussey,  A.J..  Burke,  H.K..  Crane,  R.K.  and  Tung.  S.L.  (1981)  Study  of 
Meteorological  Conditions  Along  Actual  or  Proposed  Reentry  Trajectories,  AFGL-TR-8 1-0184, 

77  pp. 


150 


Hardy,  K.R.  and  Katz,  1.  (1969)  Probing  the  clear  atmosphere  with  high  power,  high  resolution 
radars.  Proc.  IEEE,  57:468-480. 

Harger,  R.O.  (1970)  Synthetic  Aperture  Radar  Systems,  Academic  Press. 

Harmon,  L.D.  (1973)  The  recognition  of  faces,  ScL  Amer.  70-82.  (Nov  issue). 

Harper,  W.G.  (1957)  Variation  with  height  of  rainfall  below  the  melting  level,  Quart  J.  Roy. 

Meteor.  Soc.  83:368-371. 

Harrold,  T.  W.  (1967)  The  attenuation  of  0.86  cm  wavelength  radiation  in  rain,  Proc.  lE^,  London. 
114:201-203. 

Hartley,  W.N.  (1889)  On  the  limit  of  the  solar  spectrum,  the  blue  of  the  sky.  and  the  fluorescence  of 
ozone.  Nature.  39:474.  (Historic  reference,  atmospheric  optics). 

Hastings,  C.S.  (1920)  A  general  theory  of  halos.  Mon.  Weather  Rev.  48:322-330. 

Haurwltz.  B.  (1932)  Uber  die  wellenlange  von  luftwogen  (About  the  wavelength  of  atmospheric 
surges).  GerL  Beit,  z.  Geophys.  37:Heft  1 . 

Hautefeuille.  P.  and  Chappuis,  J.  (1880)  Sur  la  liquefaction  de  I'ozone  et  sur  sa 

couleur  a  I'etat.  C.R.  Acad.  ScL.  91:522.  (Historic  reference,  atmospheric  optics). 

Heintzenberg,  J..  Ogren,  J.A..  Noone,  K.J.  and  Gardneus,  L.  (1989)  The  size  distribution  of 

submicrometer  particles  within  and  about  stratocumulus  cloud  droplets  on  Mt.  Areskutan, 
Sweden.  10th  Intern.  Cloud  Phys.  Con/.,  Bad  Homburg.  FRG.,  (Edited  by  H.D.  Orville.).  24. 

Heilman,  G.  (1893)  Schneekrystalle,  Berlin.  R.  Muckenberger. 

Helmholtz,  H.L.F.  von  (1896)  Handbuch  der  Physiologischen  Optik,  Hamburg  und  Leipzig. 

Helmholtz.  H.L.F.  von  (1924)  Physiologische  Optik,  Vol.  II,  Trans,  by  J.P.C.  Southall,  New  York, 
Optical  Society  of  America, 

Hemeon,  W.C.L.  (1951)  Instruments  for  air  pollution  measurement.  Meteor.  Monogr.  1. 

Hendry,  A.  and  Antar,  Y.M.M.  (1984)  Comparison  of  circular  and  linear  polarization  radar 
measurements  on  the  melting  layer.  Electron.  Lett.  20:419-420. 

Herman.  B.M.  (1962)  Infrared  absorption,  scattering  and  total  attenuation  cross-sections  for 
water  spheres.  Quart.  J.  Roy.  Meteor.  Soc.  88:153-250. 

Hewson,  E.W,  (1943)  The  reflection,  absorption  and  transmission  of  solar  radiation  by  fog  and 
cloud.  Quart.  J.  Roy.  Meteor.  Soc.  69:47-62  and  227-2S^. 

Hewson,  E.W.  (1951)  Atmospheric  pollution.  Compendium  of  Meteorology,  Amer.  Meteor.  Soc., 
Boston,  1139-1157. 

He)ansfield.  A.  (1972)  Ice  crystal  terminal  velocities,  Tech.  Note  No.  41,  Cloud  Phys.  Lab.,  Dept, 
of  the  Geophys.  Sci.,  Univ.  of  Chicago. 

Heymsfield,  A.J.  (1972)  Ice  crystal  terminal  velocities.  J.  Atmos.  ScL  26:1348-1351. 

Hildebrandsson,  H.,  Riggenbach,  A.,  et  Teisserenc  de  Borl,  L.  (1896)  Adas  international  des 
nuages,  Peuls,  Comite  Meteorologique  International. 

Hill  N.E.G.  (1947)  The  recognition  of  coloured  light  signals  which  are  near  the  limit  of  visibility. 
Proc.  Phys.  Soc.  London,  59:560-574. 

Hill,  R.D.  (1990)  Origins  of  radar,  EOS,  781.  (July  3  issue). 

Hill.  T.A.  and  Choularton,  T.W.  (1985)  An  airborne  study  of  the  microphysical  structure  of 
cumulus  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  111:517-544. 

Hindmem,  E.E.  (1986)  Characteristics  of  supercooled  liquid  water  in  clouds  at  mountaintop  sites 
in  the  Colorado  Rockies,  J.  Climate  Appl.  Meteor.  23:1271-1279. 


151 


Hiser,  H.W.  (1955)  Observations  of  smoke  plumes  with  10  cm  wavelength  radar,  Proc.  5lh  Wea. 
Radar  ConJ..  Asbury  Park.  NJ. 

Hitschfeld,  W.F.  (1957)  Size  distribution  generated  by  a  random  process.  Artificial  Stimulation 
of  Rain,  Pergamon  Press.  224-229. 

Hitschfeld.  W.F.  (1986)  The  Invention  of  radar  meteorology.  Bull.  Amer.  Meteor.  Soc.  67:33-37. 

Hitschfeld.  W.  and  Bordem.  J.  (1954)  Errors  inherent  in  the  radar  measurements  of  rainfall  at 
attenuating  wavelengths.  J.  Meteor.  11:58-67. 

Hobbs,  P.V.  (1969)  Ice  multiplication  in  clouds,  J.  Atmos.  Set  26:315. 

Hobbs,  P.V.  (1974)  Ice  Physics,  Oxford  Univ.  Press.  837  pp. 

Hobbs.  P.V.,  Chang,  S.  and  Locatelli,  J.D.  (1974)  The  dimensions  and  aggregation  of  ice  crystals  in 
natural  clouds,  J.  Geophys.  Res.  15:2199-2206. 

Hobbs.  P.V.,  Funk,  N.T.  .  Weiss,,  R.R..  Sr..  Locatelli,  d.D.  and  Biswas.  K.R.  (1985)  Evaluation  of  a  35 
GHz  radar  for  cloud  physics  research,  J.  Atmos.  Oceanic  TechnoL  2:35-48. 

Hocking,  L.M.  (1959)  The  collision  efficiency  of  small  drops.  Quart.  J.  Roy.  Meteor.  Soc.  85:44- 
50. 

Hocking.  L.M.  and  Jonas,  P.R.  (1970)  The  collision  efficiency  of  small  drops.  Quart.  J.  Roy. 

Meteor.  Soc.  96:722-729. 

Hodson,  M.C.  (1986)  Raindrop  size  distribution,  J.  Climate  AppL  Meteor.  25:1070-1074. 

Hogg.  A.R.  (1934)  Atmospheric  electric  observations.  Beitr.  Geophys.  41:1-31. 

Hogg.  H.S.  (1950)  J.R.A.S..  Canada.  44:241. 

Hooper,  J.E.N.  and  Kippax.  A.A.  (1950)  Radar  echoes  from  meteorological  preciptation.  Proc. 
lEE.  97:89. 

Hooper.  J.E.N.  and  Kippax.  A.A.  (1950)  The  bright  band-a  phenomena  associated  with  radar 
echoes  from  falling  rain.  Quart.  J.  Roy.  Meteor.  Soc.  76:125-133. 

Home,  T.A.  (1988)  Fog-understanding  how  and  why  it  forms,  AOPA  Pilot,  100-101.  (March  issue). 

Horvath.  H.  and  Charlson,  R.J.  (1969)  The  direct  optical  measurements  of  atmospheric  air 
pollution,  J.  Amer.  Ind.  Hyg.  Assoc.  30:500-509. 

Horvath.  H.  and  Knoll,  K.E.  (1968)  The  relationship  between  atmospheric  light  scattering 
coefficient  and  visibilty,  Atmos.  Environ.  3:Pergamon  Press.  Oxford.  England,  543-552. 

Hosier,  C.L.,  Jensen,  D.C.  emd  Goldshlak,  P.L.  (19'57)  On  the  accretion  of  ice  crystals  to  form  snow, 
J.  Meteor.  14:415. 

Houghton,  H.G.  (1931)  The  transmission  of  visible  light  through  fog,  Phys.  Rev.  38: 152-158. 

Houghton,  H.G.  (1932)  The  size  and  size  distribution  of  fog  particles,  Physics.2:467-475. 

Houghton.  H.G.  (1933)  A  study  of  the  evaporation  of  small  water  drops,  Physics.4:4 19-424. 

Houghton,  H.G.  (1938)  Problems  connected  wih  he  condensation  and  precipitation  processes 
in  the  atmosphere.  Bull.  Amer.  Meteor.  Soc.  19:153-159. 

Houghton.  H.G.  (1939)  On  the  relation  between  visibility  and  the  constitution  of  clouds  and  fog, 

J.  Aero.  Set  6:408-4 1 1 . 

Houghton,  H.G.  (1945)  Visibility.  Handbook  of  Meteorology.  McGraw-Hill.  242-251. 

Houghton.  H.G.  (1950)  A  preliminary  quantitative  analysis  of  precipitation  mechanisms, 

J.  Meteor.  7:363-369. 


152 


Houghton.  H.G.  (1951)  On  the  physics  of  clouds  and  precipitation.  Compendium  of  Meteorology . 
American  MeteorologiCcd  Society.  Boston.  165-181. 

Houghton.  H.G.  (1986)  Physical  Meteorology.  Cambridge;  The  MIT  Press. 

Houghton.  H.G.  and  Radford.  W.H.  (1938)  M.I.T.  and  Woods  Hole  Ocean  Inst.  Papers.  Met  and  Phys. 
Oceanog.  6. 

Houghton.  H.G.  and  Chalker.  W.R  (1949)  The  scattering  cross  section  of  water  drops  in  air  for 
visible  light.  J.  Opt.  Soc.  Amer.  39:955-957. 

House,  R.A..  Hobbs.  P.V..  Herzegh.  P.H.  and  Persons.  D.B.  (1978)  Airborne  measurements  of  the 
size  distributions  of  precipitation  pauticles  in  frontal  clouds.  Con/,  on  Cloud  Physics  and 
Atmospheric  Electricity,  Jul  31-Aug  4.  Issaquah.  Wash. 

Howard.  J.N..  Geiring.  J.S.  and  Walker.  R.G.  (1965)  Transmission  and  detection  of  infrared 
radiation.  Handbook  of  Geophysics  and  Space  Environments,  Chap.  10. 

Howard.  L.  (1803)  On  the  modifications  of  clouds,  and  on  the  principles  of  their  production, 
suspension  and  destruction.  Phil.  Mag.  16:97-107..  344-357  and  17:5-1 1 

Howell.  W.E.  (1949)  The  growth  of  cloud  drops  in  uniformly  cooled  air.  J.  Meteor.  6:134-149. 

(1972)  How  far  can  you  see?  Aerospace  Safety,  January  1972. 

Hoyt.  D.V.  (1977)  A  redetermination  of  the  Rayleigh  optical  depth  and  its  application  to 
selected  solar  radiation  problems.  J.  Appl.  Meteor.  16:432-436. 

Hudson.  H.R.  (1971)  On  the  relationship  between  horizontal  moisture  convergence  and 
convective  cloud  formation.  J.  Appl.  Meteor.,  10:755-762. 

Huff.  F.A.  and  Changnon.  S.A.  (1972)  Climatological  assessment  of  urban  effects  on 
precipitation  at  St.  Louis.  J.  Appl.  Meteor.  11:832-842. 

Huffman.  P.  (1970)  Polarization  of  light  scattered  by  ice  crystals.  J.  Atmos.  Set  27:1207-1208. 

Hufnagel.  R.E.  (1978)  The  Infrared  Handbook,  W.L.  Wolfe  and  G.J.  Zissis.  Eds.  U.S.  Govt.  Print. 
Office. 

Hulburt  E.O.  (1935)  Attenuation  of  light  in  the  lower  atmosphere.  J.  Opt.  Soc.  Amer.  25;  125-130. 

Hulburt.  E.O.  (1938)  The  brightness  of  the  twilight  sky  and  the  density  and  temperature  of  the 
atmosphere.  J.  Opt.  Soc.  Amer.  28:227-236. 

Hulburt.  E.O.  (1939)  The  E-region  of  the  ionosphere.  Phys.  Rev.  55:639-645. 

Hulburt.  E.O.  (1941)  Optics  of  atmospheric  haze.  J.  Opt.  Soc.  Amer.  31:467-476. 

Hulburt.  E.O.  (1953)  Explanation  of  the  brightness  and  color  of  the  sky  particuleirly  the 
twilight  sky.  J.  Opt  Soc.  Amer.  43:1 13-1 18. 

Humphreys.  W.J.  (1940)  Physics  of  the  Air,  3rd  ed..  McGraw.  New  York.  451-556. 

Humphreys.  W.J.  (1964)  Physics  of  the  Air,  Chap.  3.  Dover.  New  York. 

Humphreys.  W.S.  (1929)  Physics  of  the  Air.  McGraw-Hill.  654.  pp. 

Humphries.  R.G.  and  Barge.  B.L.  (1979)  Polarization  and  dual-wavelength  observations  of  the 
bright  band.  IEEE  Trans.  GeoscL  Electron  GE- 17: 190-195. 

Hunter.  H.E..  Dyer.  R.M.  and  Glass.  M.  (1982)  Comparison  of  human  and  machine  classification 
of  poorly  defined  patterns.  IEEE  Trans,  on  Pattern  Analysis  and  Machine  Intelligence. 

Huschke.  R.E.  (1959)  Glossary  of  Meteorology.  Amer.  Meteor.  Soc..  Boston.  613. 

Hutchinson.  W.C.S.  and  Chalmers.  J.A.  (1951)  The  electrical  charges  emd  masses  of  single 
raindrops.  Quart.  J.  Roy.  Meteor.  Soc.  77:85-95. 


153 


Hutt,  D.L.  and  Bissonnette,  L.R.  (1986)  SNOW Symp.  VI,  Cold  Regions  Res.  and  Eng.  Lab..  Hanover, 
New  Hampshire. 

Huygens,  C.  (1912)  Treatise  on  Light.  Dover  Publ.  129  pp. 

Idso,  S.B.  (1976)  Dust  storms.  ScL  Amer.  108-1 14.  (Oct  issue). 

Ignatova,  RV.,  Petrushevskii,  V.A.  and  Sal  man,  E.M.  (1965)  Radiolokatsionnye  priznaki 

kharaktera  oblachnosti  (Radar  Echo  ChcU'acteristics  of  Clouds).  Leningrad.  Trudy.  Glavnaia 
Geojizicheskaia  Observatoriia,  No.  173.  26-33. 

Imai,  1.  (1960)  Raindrop-size  distributions  and  Z-R  relationships,  Proc.  Eighth  Weather  Radar 
Con/.,  San  Francisco.  Amer.  Meteor.  Soc.,  211-218. 

Imai,  1.  (1964)  A  fitting  equation  for  raindrop-size  distribution  in  various  weather  situations, 
Proc.  World  Conf.  on  Radio  Meteor,  and  Preprints  1 1th  Radar  Meteor.  Con/.,  Boulder,  CO, 
Amer.  Meteor  Soc.  149A-149D. 

Imai,  1.,  Fujiwara,  M.,  Ichimura,  I.  and  Yoshihara,  Z.  (1955)  On  the  radar  reflectivity  euid  the 
drop-size  distribution  of  rain,  J.  Meteor.  Res.  7:422-433. 

Imyanitov,  I.M..  Chubarian.  Y.V.  and  Shvarts.  Y.M.  (1972)  Electricity  in  Clouds.  NASA  Technical 
Trans,  from  Russian.  NASA  TT-F-718. 

International  Meteorological  Committee  (1932)  International  Atlas  of  Clouds  and  States  of  the 
Sky,  Paris,  Off.  Nat.  Meteor. 

Irvine.  W.M.  (1965)  Multiple  scattering  by  large  particles.  Astrophys.  J.  142:1563-1575. 

Irvine,  W.M.  (1968a)  Diffuse  reflection  and  transmission  by  cloud  and  dust  layers,  J.  Quant. 
Spectrosc.  Radiat.  Transfer.  8:471-485. 

Irvine,  W.M.  (1968b)  Multiple  scattering  by  large  pcuticles,  2.  optical  thick  layers,  Astrophys. 

J.  152:823-834. 

Irvine,  W.M.  and  Pollack,  J.B.  (1968)  Infrared  optical  properties  of  water  and  ice  spheres.  Icarus. 
8:324-360. 

Ishlmaru,  A.  Wdue  Propagation  and  Scattering  in  Random  Media.  Academic.  New  York,  Vol.  1. 

Ives,  J.E.  cuid  co-workers  (1936)  Atmospheric  pollution  of  American  cities  for  the  years  1931  to 
1933.  Publ.  Hlth.  Bull.,  Washington,  No.  224. 

Ives,  R.L.  (1948)  Meteorological  conditions  accompanying  mirages  in  the  Salt  Lake  Desert,  J. 
Franklin  Inst  245:457-473. 

Jacobi,  W.,  Junge,  C.  euid  Lippert,  W.  (1952)  Reihenuntersuchungen  des  naturlichen  aerosols 
mittels  elektronenmikroskops.  Arch.  Met.  Geophys.  Biokl.  5. 

Jacobs,  L.  (1954)  Dust  cloud  in  the  stratosphere.  Met  Mag.  83:1 15. 

Jaenicke.  R.  (1980)  Natural  aerosols.  Ann  N.Y.  Acad.  Set  338:317-329. 

Jansen,  (1904-5)  Das  Weltall.  V..  37  et  seq.  (Historic  reference,  atmospheric  optics). 

Jayaweera,  K.O.K.F.  and  Cottis,  R.E.  (1969)  Fall  velocities  of  platelike  aind  columnar  ice  crystals. 
Quart  J.  Roy.  Meteor.  Soc.  95:703-709. 

Jeffreys,  H.  (1921)  The  shape  of  th^  sky.  Meteor.  Mag.  56:173-177. 

Jelalian.  A.V.  (1977)  Laser  Radar  Theory  and  Technology.  E.  Brookner,  Ed.,  Artech  House. 

Jelalian,  A.V.  (1980)  Laser  radar  systems.  Record  IEEE  Electronics  and  Aerospace  Systems 
Conv.  (EASCON),  Arlington,  Virginia. 

Jelalian.  A.V.  (1981)  Laser  and  microwave  radcU".  Laser  Focus.  88-94. 


Jelalian,  A.V.  (1981)  Laser  radar  improvements.  IEEE  Spectrum.  18:46-51. 

Jenkins,  F.A.  and  White  H.E.  (1937)  Fundamentals  of  Physical  Optics,  McGraw-Hill,  New  York, 

66  emd  407. 

Jiusto.  J.E.  (1967)  Aerosol  and  cloud  microphysics  measurements  in  Hawaii.  Tellus.  19:359. 

Jiusto,  J.E.  (1967)  Nucleation  Factors  in  the  Development  of  Clouds.  Ph.D.  Dissertation. 
Pennsylvania  State  Univ.,  124  pp. 

Jiusto,  J.E.  (1971)  Crystal  development  and  glaciation  of  a  supercooled  cloud,  J.  Rech.  Atmos. 
5:69-86. 

Jiusto,  J.E.  and  Weickmann,  H.K.  (1973)  Types  of  snowfall.  Bull.  Amer.  Meteor.  Soc.  54: 1 148- 
1162. 

Jiusto,  J.E.  £md  Bosworth.  G.E.  (1971)  Fall  velocity  of  snowflakes.  J.  Appl.  Meteor.  10:1352-1354. 

Johnson,  D.B.  (1984)  The  effects  of  antenna  sidelobes  on  multiple-parameter  radar 

measurements.  Preprints  22nd  Radar  Meteor.  Conf,  Zurich.  Amer.  Meteor.  Soc.  292-295. 

Johnson,  J.C.  (1954)  Physical  Meteorology,  New  York  Technical  Press.  MIT  and  Wiley,  393. 

Johnson.  J.C.  (1955)  The  back-scattering  coefficient  of  a  spherical  homogeneous  mixture  of  ice 
and  air  at  wavelengths  between  1  and  10  centimeters.  J.  Meteor.  12:188-189. 

Johnson.  J.C.  and  Batter.  J.F.  (1960)  A  Raindrop  Spectrometer.  Technical  Operations 
Incorporated  Rep.  TO-B  60-4,  also  AFCRC-TR-60-259,  AD  243295. 

Jones,  D.M.A.  (1956)  Rainfall  Drop-Size- Distribution  and  Radar  Reflectivity.  Meteor.  Lab.  Res. 

Rep.  No.  6,  Illinois  State  Water  Survey.  Urbana,  Illinois. 

Jones,  D.M.A.  (1959)  The  shape  of  raindrops,  J.  Meteor.  16:504-510. 

Jones.  L.A.  (1920)  A  method  and  instrument  for  the  measurement  of  the  visibility  of  objects. 

PhiL  Mag.  39:96-134. 

Jones,  L.A.  and  Condlt.  H.R.  (1948)  Sunlight  and  skylight  as  determinants  of  ph„.jgraphtc 
exposure,  I:  Luminous  density  as  determined  by  solar  altitude  and  atmospheric  conditions, 

J.  Opt.  Soc.  Amer.  38: 123. 

Joseph,  J.H.  (1970)  Thermal  radiation  fluxes  through  optically  thin  clouds,  Israel  J.  Ekirth  Set 
19:51-67. 

Joseph,  J.H.,  Wiscombe,  W.J.  emd  Weinmem.  J.A.  (1976)  The  Delta-Eddington  approximation  for 
radiative  flux  transfer,  J.  Atmos.  ScL  33:2452-2459. 

Joss.  J.  and  Waldvogel,  A.  (1969)  Raindrops  size  distribution  and  sampling  size  errors.  J.  Atmos. 
Sci  26:566-569. 

Joss,  J.  and  Crane.  R.K.  (1972)  Simultemeous  measurements  of  attenuation  outside  and  within  the 
melting  layer.  Preprints  1 5th  Radar  Meteor.  Conf.  Champaign-Urbema,  Amer.  Meteor.  Soc. 
136-137. 

Joss,  J.  and  Gori,  E.G.  (1978)  Shapes  of  raindrop  size  distributions.  J.  Appl.  Meteor.  17:1054-1061. 

Joss.  J.,  Thames.  J.C..  and  Waldvogel.  A.  (1968)  The  variation  of  raindrop  size  distributions  at 
Locarno,  Proc.  Intematl.  Conf.  on  Cloud  Physics.  Toronto,  Amer.  Meteor.  Soc.,  Boston,  369. 

Julesz,  B.  (1975)  Experiments  in  the  visual  perception  of  texture,  ScL  Amer.  232:34-43. 

Junge,  C.E.  (1931)  Austausch  und  grossraeunuige  vertikalbewegungen  von  luft-beimgungen. 
Annalen  der  Meteorologie.  4:380. 

Junge.  C.E.  (1936)  Obersattigungsmessungen  an  atmospharischen  kondensation-kemen,  Gerl. 

Beit.  z.  Geophys.  46. 


155 


Junge,  C.E.  (1936)  Zur  frage  der  kernwirksamkeit  des  staubes.  Meteor.  Z.  53.186-188. 

Junge.  C.E.  (1937)  Zur  strahlungswirkung  des  wasserdanipfes  in  der  stratosphare.  Meteor. 

Z.  54:161-164. 

Junge,  C.E.  (1951)  Nuclei  of  atmospheric  condensation,  Compend.  oj  Meteor.  182-192. 

Junge,  C.E.  (1952)  Konstitution  des  atmospharischen  aerosols,  Ann.  Met.  Bei/ie/t,  5. 

Junge,  C.E.  (1955)  Remarks  about  the  size  distribution  of  natural  aerosols.  Proc.  1st  Conf.  on  the 
Phys.  of  Cloud  and  Precip.  Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  3-17. 

Junge,  C.E.  (1955)  Some  facts  about  meteoritic  dust.  Proc.  1st  Conf.  on  the  Phys.  of  Cloud  and 
Precip.  Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole.  Mass.,  24-30. 

Junge.  C.E.  (1955)  Fact  and  problems  of  chemical  composition  of  condensation  nuclei  in 
unpolluted  and  polluted  atmospheres,  Proc.  1st  Conf.  on  the  Phys.  of  Cloud  and  Precip. 
Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole.  Mass..  31-35. 

Junge,  C.E.  (1955)  The  size  distribution  and  aging  of  natural  aerosols  as  determined  from 
electrical  and  optical  data  on  the  atmosphere.  J.  Meteor.  12:13-25. 

Junge.  C.E.  (1957)  Atmospheric  chemistry.  Advances  in  Geophysics.  FV.  Chap.  7.,  Academic 
Press,  NY. 

Junge,  C.E.  (1960)  Aerosols,  Handbook  of  Geophysics,  revised.  Sec.  8.2. 

Junge,  C.E.  (1963)  Air  chemistry  and  radioactivity.  (Int.  Geophys,  Ser.  4)  Academic  Press.  NY. 

Junge,  C.E.  and  McLaren,  E.  (1970)  Relationship  of  cloud  nuclei  spectra  to  aerosol  size 
distribution  and  composition.  J.Atmos.  Sci.  28:382-390. 

Junge,  C.E.,  Chagnon,  C.W.  and  Manson,  J.E.  (1961)  J.  Meteor.  18:81. 

Kachurin,  L.G.  and  Bekryaev,  V.I.  (1960)  Issledovame  protsessa  elektrizatssii 

kristallizuyushcheisya  vody  (A  study  of  the  electrification  of  crystallizing  water).  Doklady 
Akademia  Nauk  SSSR,  130: No.  1. 

Kahler,  K.  (1940)  Wolken  und  gewitter,  Leipzig,  Barth. 

Kajlkawa,  M.  (1972)  Measureme.it  of  falling  velocity  of  individual  snow  crystals,  J.  Meteor. 

Soc.  Japan.  50:577-584. 

Kalitin,  N.N.  (1933)  O  tochnosti  otscheta  oblachnosti  (The  accuracy  of  cloud  counting).  Izvestiia 
Glavnaia  Geofizicheskaia  Observatoriia.  No.  1. 

Kalkstein,  M.L,  Di^v'insky,  P.J.,  Martell,  E.A.,  Chngnon.  C.W..  Manson,  J.E.  and  Junge.  C.E. 
(1959)  Natural  Aerosols  and  Nuclear  Debris  Studies.  Progress  Rep.  II.  Air  Force  Cambridge 
Res.  Ctr.,  GRD  Res.  Notes  No.,  24. 

Kamra,  A.K.  (1972)  Measurements  of  the  electrical  properties  of  dust  storms,  J.  Geophys.  Res. 
77:5856-5869. 

Kantor,  A.J.  (1965)  Clouds.  Handbook  of  Geophysics  am'  Space  Environments.  Sec.  5.3,  10  pp. 

Kasten,  F.  (1969)  Visibility  forecast  in  the  ph,^s  of  pre-condens„.tion.  Tellus,  21:631-635. 

Kattawar,  G.W.  and  Plass,  G.N.  (1968)  Influence  o'"  particle  size  distribution  on  reflected  and 
transmitted  light  from  clouds,  Appl.  Opt.  7:869-878. 

Kattawar,  G.W.  and  Plass,  G.N.  (1971)  Reflection  of  light  pulses  from  clouds,  AppL  Opt.  10:2304- 
2310. 

Kattawar.  G.W.,  Young,  A.T.  and  Humphreys.  T.J.  (1981)  Inelastic  scattering  in  planetary 
atmospheres:  I.  The  ring  effect,  without  aerosols.  Astrophys.  J.  243:1049. 


156 


Jelalian,  A.V.  (1981)  Laser  radar  improvements.  IEEE  Spectrum,  18:46-51. 

Jenkins,  F.A.  and  White  H.E.  (1937)  Fundamentals  of  Physical  Optics,  McGraw-Hill.  New  York, 

66  and  407. 

Jiusto,  J.E.  (1967)  Aerosol  emd  cloud  microphysics  n.easurements  in  Hawaii.  Tellus.  19:359. 

Jiusto,  J.E.  (1967)  Nucleation  Factors  in  the  Development  of  Clouds,  Ph.D.  Dissertation, 
Pennsylvemia  State  Univ.,  124  pp. 

Jiusto,  J.E.  (1971)  Crystal  development  and  glaciation  of  a  supercooled  cloud,  J.  Rech.  Atmos. 
5:69-86. 

Jiusto,  J.E.  and  Weickmann,  H.K.  (1973)  Types  of  snowfall.  Bull.  Amer.  Meteor.  Soc.  54: 1 148- 
1162. 

Jiusto.  J.E.  and  Bosworth,  G.E.  (1971)  Fall  velocity  of  snowflakes,  J.  Appl.  Meteor.  10:1352-1354. 

Johnson.  D.B.  (1984)  The  effects  of  antenna  sidelobes  on  multiple-parameter  radar 

measurements.  Preprints  22nd  Radar  Meteor.  Conf,  Zurich,  Amer.  Meteor.  Soc.  292-295. 

Johnson,  J.C.  (1954)  Physical  Meteorology,  New  York  Technical  Press.  MIT  and  Wiley.  393. 

Johnson.  J.C.  (1955)  The  back-scattering  coefficient  of  a  spherical  homogeneous  mixture  of  ice 
and  air  at  wavelengths  between  1  and  10  centimeters,  J.  Meteor.  12:188-189. 

Johnson,  J.C.  and  Batter,  J.F.  (1960)  A  Raindrop  Spectrometer,  Technical  Operations 
Incorporated  Rep.  TO-B  60-4,  also  AFCRC-TR-60-259.  AD  243295. 

Jones,  D.M.A.  (1956)  Rainfall  Drop-Size-Distribution  and  Radar  Rejlectivity,  Meteor.  Lab.  Res. 

Rep.  No.  6,  Illinois  State  Water  Survey,  Urbana,  Illinois. 

Jones,  D.M.A.  (1959)  The  shape  of  raindrops.  J.  Meteor.  16:504-510. 

Jones,  L.A.  (1920)  A  method  emd  instrument  for  the  measurement  of  the  visibility  of  objects, 

PhiL  Mag.  39:96-134. 

Jones,  L.A.  and  Condit,  H.R.  (1948)  Sunlight  and  skylight  as  determinants  of  photographic 
exposure,  1:  Luminous  density  as  determined  by  solar  altitude  and  atmospheric  conditions, 

J.  Opt.  Soc.  Amer.  38: 123. 

Joseph,  J.H.  (1970)  Thermal  radiation  fluxes  through  optically  thin  clouds,  Israel  J.  Earth  Set 
19:51-67. 

Joseph,  J.H.,  Wiscombe,  W.J.  and  Weinmem,  J.A.  (1976)  The  Delta-Eddington  approximation  for 
radiative  flux  transfer,  J.  Atmos.  Set  33:2452-2459. 

Joss,  J.  and  Waldvogel,  A.  (1969)  Raindrops  size  distribution  and  sampling  size  errors,  J.  Atmos. 
ScL  26:566-569. 

Joss,  J.  emd  Crane,  R.K.  (1972)  Simultaneous  measurements  of  attenuation  outside  and  within  the 
melting  layer.  Preprints  1 5th  Radar  Meteor.  Conf,  Champaign-Urbana,  Amer.  Meteor.  Soc. 
136-137. 

Joss,  J.  and  Gori,  E.G.  (1978)  Shapes  of  raindrop  size  distributions.  J.  Appl.  Meteor.  17:1054-1061. 

Jo'ss,  J.,  Thames,  J.C.,  and  Waldvogel.  A.  (1968)  The  variation  of  raindrop  size  distributions  at 
Locarno,  Proc.  Internatl.  Conf.  on  Cloud  Physics,  Toronto.  Amer.  Meteor.  Soc.,  Boston,  369. 

Julesz,  B.  (1975)  Experiments  in  the  visual  perception  of  texture.  Set  Amer.  232:34-43. 

Junge,  C.E.  (1931)  Austausch  und  grossraeunuige  vertikalbewegungen  von  luft-beimgungen, 
Annalen  der  Meteorologie.  4:380. 

Junge.  C.E.  (1936)  Ubersattigungsmessungen  an  atmospharischen  kondensation-kemen.  Gerl. 

Beit.  z.  Geophys.  46. 


155 


Junge,  C.E.  (1936)  Zur  frage  der  kernwirksamkeit  des  staubes.  Meteor.  Z.  53: 186-188. 

Junge,  C.E.  (1937)  Zur  strahlungswirkung  des  wasserdampfes  in  der  stratosphare.  Meteor. 

Z.  54:161-164. 

Junge,  C.E.  (1951)  Nuclei  of  atmospheric  condensation,  Compend.  of  Meteor.  182-192. 

Junge,  C.E.  (1952)  Konstitution  des  atmospharischen  aerosols,  Anrt  Met.  Beiheft,  5. 

Junge,  C.E.  (1955)  Remarks  about  the  size  distribution  of  natural  aerosols,  Proc.  1st  ConJ.  on  the 
Phys.  of  Cloud  and  Precip.  Particles.  Woods  Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  3-17. 

Junge,  C.E.  (1955)  Some  facts  about  meteoritic  dust,  Proc.  1st  ConJ.  on  the  Phys.  of  Cloud  and 
Precip.  Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  24-30. 

Junge,  C.E.  (1955)  Fact  and  problems  of  chemical  composition  of  condensation  nuclei  in 
unpolluted  cind  polluted  atmospheres,  Proc.  Isl  Conf.  on  the  Phys.  of  Cloud  and  Precip. 
Particles,  Woods  Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  31-35. 

Junge,  C.E.  (1955)  The  size  distribution  and  aging  of  natural  aerosols  as  determined  from 
electrical  and  optical  data  on  the  atmosphere,  J.  Meteor.  12:13-25. 

Junge,  C.E.  (1957)  Atmospheric  chemistry.  Advances  in  Geophysics,  IV,  Chap.  7,,  Academic 
Press,  NY. 

Junge,  C.E.  (1960)  Aerosols,  Handbook  of  Geophysics,  revised.  Sec.  8.2. 

Junge,  C.E.  (1963)  Air  chemistry  and  radioactivity.  (Int.  Geophys.  Ser.  4)  Academic  Press,  NY. 

Junge,  C.E.  and  McLaren,  E.  (1970)  Relationship  of  cloud  nuclei  spectra  to  aerosol  size 
distribution  and  composition,  J.Atmos.  Set  28:382-390. 

Junge,  C.E.,  Chagnon,  C.W.  and  Manson,  J.E.  (1961)  J.  Meteor.  18:81. 

Kachurin,  L.G.  and  Bekryaev,  V.I.  (1960)  Issledovanie  protsessa  elektrizatssii 

kristallizuyushcheisya  vody  (A  study  of  the  electrification  of  crystallizing  water),  Doklady 
Akademia  Nauk  SSSR,  130:  No.  1. 

Kahler,  K.  (1940)  Wolken  und  gewitter,  Leipzig,  Barth. 

Kajikawa,  M.  (1972)  Measurement  of  falling  velocity  of  individual  snow  crystals,  J.  Meteor. 

Soc.  Japan.  50:577-584. 

Kalitln,  N.N.  (1933)  O  tochnosti  otscheta  oblachnosti  (The  accuracy  of  cloud  counting),  Izvestiia 
Glavnaia  Geofizicheskaia  Observatoriia,  No.  1. 

Kalkstein,  M.I.,  Dri^vinsky,  P.J.,  Martel),  E.A.,  Chngnon,  C.W.,  Manson,  J.E.  and  Junge,  C.E. 
(1959)  Natural  Aerosols  and  Nuclear  Debris  Studies,  Progress  Rep.  11.  Air  Force  Cambridge 
Res.  Ctr.,  GRD  Res.  Notes  No.,  24. 

Kamra,  A.K.  (1972)  Measurements  of  the  electrical  properties  of  dust  storms,  J.  Geophys.  Res. 
77:5856-5869. 

Kantor,  A.J.  (196-5)  Clouds,  Handbook  of  Geophysics  and  Space  Environments,  Sec.  5.3,  10  pp. 

Hasten,  F.  (1969)  Visibility  forecast  in  the  phas.  of  pre-condensation.  Tellus.  21:631-635. 

Kattawar,  G.W,  and  Plass.  G.N.  (1968)  Influence  o'^  particle  size  distribution  on  reflected  and 
transmitted  light  from  clouds,  Appl.  Opt.  7:869-878. 

Kattawar,  G.W.  eind  Plass,  G.N.  (1971)  Reflection  of  light  pulses  from  clouds,  AppL  Opt.  10:2304- 
2310. 

Kattawar,  G.W.,  Young,  A.T.  and  Humphreys.  T.J.  (1981)  Inelastic  scattering  in  planetary 
atmospheres:  1.  The  ring  effect,  without  aerosols,  Astrophys.  J.  243:1049. 


156 


Katz.  1.  (1952)  A  momentum  disdrometer  for  measuring  raindrop  size  from  aircraft.  Bull. 

Amer.  Meteor.  Soc.  33:365-368. 

Kauth.  R.  J.  and  Penquite.  J.L.  (1967)  The  probability  of  clear  lines  of  sight  through  a  cloudy 
atmosphere.  J.  Appl.  Meteor.  6:1005-1017. 

Kazas.  V.I..  Konyshev.  Yu  V.  £ind  Laktionov.  A.B.  (1965)  Airborne  device  for  the  continuous 
measurement  of  the  dimensions  and  concentration  of  large-scale  cloud  drops,  Izv.  Atmos. 
Oceanic  Phys.  1:710-712. 

Kelly,  D.P.  and  Millen.  S.G.  (1960)  An  airborne  cloud-drop-size  distribution  meter.  J.  Meteor. 
17:349-356. 

Kennedy.  H.  (1913)  The  large  ions  in  the  atmosphere.  Proc.  Roy.  Irish  Acad.  32:1-6. 

Kepler,  J.  (1604)  Ad  Vittelionem  paralipomena,  Frankfort.  (Historic  reference,  atmospheric 
optics). 

Kerker.  M.  (1969)  The  Scattering  of  Light  and  Other  Electromagnetic  Radiation.  Academic  Press, 
New  York. 

Kerr,  D.E.  (editor)  (1951)  Propagation  of  short  radio  waves.  Radiation  laboratory  Series.  MIT,  13. 

Kerr.  D.E.  (1951)  Atmospheric  scattering  and  attenuation.  Propagation  of  Short  Radio  Waves. 
McGraw-Hill.  New  York,  13:22-26. 

Kerr,  D.E.  and  Goldstein,  H.  (1951)  Radar  targets  and  echoes.  Propagation  of  Short  Radio  Waves. 
13:Chap.  6.  McGraw-Hill. 

Kessler,  E.  (1969)  On  the  distribution  and  continuity  of  water  substance  in  atmospheric 
circulations.  Meteor.  Monogr.  10:84  pp. 

Khare,  V.  and  Nussenzveig,  H.M.  (1974)  Theory  of  the  rainbow,  Phys.  Rev.  Lett.  33:976-980. 

Khare,  V.  and  Nussenzveig,  H.M.  (1977)  The  theory  of  the  glory.  Statistical  Mechanics  and 
Statistical  Methods  in  Theory  and  Application,  edited  by  U.  Landman.  Plenum.  New  York, 
723-764. 

Khare,  V.  and  Nussenzveig,  H.M.  (1977)  Theory  of  the  glory,  Phys.  Rev.  Lett.  38:1279-1282. 

Khrgiein,  A.  Kh.  (1952)  Nekotorye  deinnye  o  mikrostrukture  oblcikov  (Some  data  on  the 
microstructure  of  clouds).  Trudy  Tsentral  Aerolog.  Observ.  No.  7. 

Khrgian,  A.  Kh.  (1952)  Ob  atmosfemykh  protsessakh.  malo  otiichayushchikhsya  ot 

adiabaticheskikh  (Nearly  adiabatic  atmospheric  processes).  Trudy  Tsentral  Aerolog.  Observ. 

No.  6. 

Khrgian,  A.  Kh.  (1961)  Cloud  Physics,  Israel  Program  Sci.  Transl.,  Jerusalem,  392  pp. 

Khrgian,  A.  Kh.  and  Mazin,  l.P.  (1952)  O  raspredelenii  kapel’  po  razmeran  v  oblakakh  (The  size 
distribution  of  droplets  in  clouds).  Trudy  Tsentral  Aerolog.  Observ.  7:56. 

Khrgian,  A.  Kh.  and  Mazin,  l.P.  (1953)  Raschet  oshibok  samoletnogo  zabornika  kapel'  (A 
calculation  of  errors  of  aircreift  droplet  samplers),  Trudy  Tsentral  Aerolog.  Observ.  No.  12. 

Khrgian.  A.  Kh.  and  Mazin.  1.  P,  (1956)  Analiz  sposobov  kharakteristiki  spektrov  raspredeleniya 
oblachnykh  kapel'  (Analysis  of  methods  of  characterization  of  distribution  spectra  of 
cloud  droplets).  Trudy  Tsentral  Aerolog.  Observ.  No.  17,  36-46. 

Khrgian,  A.  Kh.  and  Mazin,  l.P.  (1963)  Cloud  physics,  Israel  Prog.  Sci.  Transl.  Jerusalem.  392  pp. 

Khromov,  S.P.  (1940)  K  vorporsu  o  stroenii  i  vertikal’  noi  moshchnosti  as  (The  structure  and 
vertical  thickness  of  As).  Meteorologiya  i  gidrologiya,  12. 

Killinger,  D.K.  and  Menyuk,  N.  (1987)  Laser  remote  sensing  of  the  atmosphere.  Science.  235:37-45. 


157 


Kllsby,  C.G.  (1990)  A  study  of  aerosol  properties  and  solar  radiation  during  a  straw-burning 
episode  using  aircraft  and  satellite  measurements.  Quart,  J.  Roy.  Meteor.  Soc.  116:1 173- 
1192. 

Kimball,  H.H.  and  Hcmd,  l.F.  (1931)  Investigations  of  the  dust  content  of  the  atmosphere,  Mon. 
Wea.  Rev.  (Wash),  59:349-352. 

King,  L.V.  (1923)  On  the  complex  anisotropic  molecule  in  relation  to  the  dispersion  and 
scattering  of  light.  Proc.  Roy.  Soc.  London,  A104:333-357. 

Kinoshita,  (1952)  The  drop-size  distribution  of  a  mountain  fog,  J.  Meteor.  Research.  4. 

Kinzer,  G.D.  and  Cobb,  W.E.  (1956)  Laboratory  measurements  of  the  growth  and  collection 
efficiency  of  raindrops,  J.  Meteor.  13:295-301. 

Kislovski,  L.  (1959)  Optical  characteristics  of  water  and  ice  in  the  infrared  and  radiowave 
regions  of  the  spectrums.  Optics  and  Spectroscopy.  7:201. 

Klauder.  J.R..  Price,  A.C.,  Darlingon,  S.  and  Albersheim.  W.J.  (1960)  The  theory  and  design  of 
chirp  radars.  Bell  System  Tech  J.  39:745-808. 

Kleinschmidt,  E.  (1935)  Handbuch  der  meteorologischen  instrumente  und  ihrer  auswertung. 
Springer  Verlag,  Berlin. 

Klett,  J.D.  (1981)  Stable  analytical  inversion  solution  for  processing  lidar  returns,  AppL 
Opt  20:211. 

Klett.  J.D.  (1985)  Lidar  inversion  wih  variable  backscatter/extinction  ratios.  AppL  Opt. 
24:1638-1643. 

Kneizys,  F.X..  Shettle,  E.P..  Gallery.  W.O..  Chetwynd,  J.H..  Jr.,  Abreu.  L.W.,  Selby.  J.E.A.,  Fenn, 

R. W.  and  McClatchey,  R.A.  (1980)  Atmospheric  Transmittance/ Radiance:  Computer  Code 

LOWTRAN  5.  AFGL-TR- 80-0067.  AD  088215. 

Kneizys.  F.X..  Shettle.  E.P..  Gallery.  W.O..  Chetwynd.  J.H..  Jr..  Abreu.  L.W..  Selby.  J.E.A..  Clough. 

S. A.  and  Fenn,  R.W.  (1983)  Atmospheric  Transmittance/Radiance:  Computer  Code  LOWTRAN 
6,  AFGLTR-83-184.  AD  A14(X)12. 

Knight,  C.  (1979)  Observations  of  the  morphology  of  melting  snow,  J.  Atmos.  Set  36:1 123-1 130. 

Knollenberg,  R.G.  (1970)  The  optical  array:  an  alternative  to  scattering  or  extinction  for  airborne 
particle  size  determination,  J.  AppL  Meteor.  9:86-103. 

Knollenberg,  R.G.  (1972)  Comparative  liquid  water  content  measurements  of  conventional 
instruments  with  an  optical  array  spectrometers.  J.  AppL  Meteor.  11:501-508. 

Knollenberg,  R.G.  (1976)  The  Response  of  Optical  Array  Spectrometers  to  Ice  and  Snow:  a  Study  of 
2D  Probe  Area  to  Mass  Relatioships,  Final  Rep.,  Air  Force  Geophys.  Lab.  AFGL-TR-76-0273. 

AD  A034741.  31  pp. 

Knollenberg.  R.G.  (1981)  Techniques  for  Probing  Cloud  Microstructure:  Clouds,  Their 

Formation,  Optical  Properties  and  Effects,  P.V.  Hobbs  and  A.  Deepak,  Eds..  Academic  Press. 
15-92. 

Kodaira,  N.  (1963)  The  radar  wave  attenuation  caused  by  precipitation  particles.  Pap.  Meteor. 
Geophys.  14:181-189. 

Kodaira,  N.  and  Okada,  T.  (1961)  An  8.6  mm  cloud  detection  radar  with  a  facsimile  recorder,  Proc. 
Ninth  Weather  Radar  Conf,  Kansas  City.  Amer.  Meteor.  Soc.  354-359. 

Koh,  G.  (1989)  Optical  Measurement  of  Precipitation,  CRREL  Special  Rep.  89-30,  13  pp. 

Koh,  G.  (1989)  Physical  and  Optical  Properties  of  Falling  Snow,  CRREL  Rep.  89-16,  22  pp. 


158 


Koh,  G.  and  O'Brien,  H.  (1982)  Snow  Crystal  Habit.  SNOW-ONE-A  Data  Rep.  edited  by  Aitken, 
CRREL  Spec.  Rep.  82-8,  U.S.  Army  Corps  of  Engineers  Cold  Regions  Research  and 
Engineering  Lab.,  Hanover,  NH. 

Kfihler,  H.  (1922)  Zur  K.  (u.s.w.)  Geof  Publ  2:(no.  6)  21-28,  Kristiania. 

K6hler,  H.  (1925)  Uber  tropfengruppen  und  einige  bermerkungen  zur  genauigkeit  der 
temperaturmessungen  besonders  mit  rucksicht  auf  untersuchungen  von  Richardson, 

Meteor.  Z.  42:463-467. 

K6hler,  H.  (1927)  Zur  kondensation  des  wasserdampfes  in  der  atmosphare  (On  water  in  the 
clouds).  Geophys.  PubL  5; Oslo,  16  pp. 

Kdhler,  H.  (1929)  Wolkenuntersuchungen  auf  dem  sonnblick  in  Herbst  1928,  Meteor.  Z.  46: 
409-410. 

Kohler,  H.  (1930)  On  water  in  the  clouds,  Geophys.  PubL  5:Oslo. 

KOhler,  H.  (1936)  The  nucleus  in  and  the  growth  of  hygroscopic  droplets,  TYans.  Faraday  Soc. 
32:1152-1161. 

Kojicimo,  O.Y,  (1952)  Measurement  of  the  size  of  fog  particles,  J.  Meteor.  Res.,  4. 

Kolev,  I.N..  Parvanov.  O.P.,  Kaprielov.  B.K.  and  Kolev,  S.l.  (1989)  Lidar  observation  of  time  and 
spatial  variations  of  backscatterlng  coefficient  near  the  stratiform  cloud  base,  JOth  Intern, 
Cloud  Phys.  Con/.,  Bad  Hamburg,  FRG.,  (Edited  by  H.D.  Orville.)  24. 

Komabayasi,  M.,  Gonda,  T.  md  Isono.  K.  (1964)  Life  time  of  water  drops  before  breaking  and 
size  distribution  of  fragment  droplets,  J,  Meteor.  Soc.  Japan.  42:330-340. 

Konnen,  G.P.  (1985)  Polarized  Light  in  Nature,  Cambridge  U.  Press..  Cambridge. 

Koretz,  J.F.  cuid  Handelmzin.  G.H.  (1988)  How  the  human  eye  focuses.  ScL  Amer,  92-99.  (July 
issue). 

Koschmieder.  H.  (1924)  Theorie  der  horizontalen  sichtweite,  Beitrdge  zur  Physik  tier  freien 
Atmosphare,  XII: 33- 53. 

Koschmieder,  H.  (1924)  Theorie  der  horizontalen  sichtweite  II:  kontrast  und  sichtweite,  Beitrdge 
zur  Physik  der  freien  Atmosphare,  XII;  171-181. 

Koschmieder,  H.  (1926)  Theorie  der  horizontalen  sichtweite.  Contrib.  Atmos.  Phys.  12:171. 

Koschmieder,  H.  (1955)  Ergebnisse  der  deutschen  messungen  1939/41,  Friedr.  Vieweg  & 

Sohn,  148  pp. 

Kourganoff,  V.  (1963)  Basic  Methods  in  Transfer  Problems,  Dover,  New  York. 

Kovetz,  A.  and  Olund,  B.  (1969)  The  effect  of  coalescence  and  condensation  on  rain  formation 
in  a  cloud  of  finite  vertical  extent.  J.  Afmos.  ScL  26;  1060-1065. 

Krakatoa  Committee  (1888)  The  Eruption  of  Krakatoa  and  Subsequent  Phenomena,  Trubner  and 
Co..  London. 

Kramer,  H.P.  and  Rigby,  M.  (1950)  Cumulative  annotated  bibliography  on  atmospheric 
pollution  by  smoke  and  gases.  Meteor.  Abstr.  &  Bibliogr.  1:46-71. 

Krasnogorskaya,  N.V.  (1962)  Issledovanie  protsessov  elektrizatsii  oblakov  is  osadkov  (A  study 
of  the  electrification  of  clouds  and  precipitations).  In:  Issledovanie  oblakov,  osadkov  i 
grozovogo  elektrichestva,  Izdatel'stuo  Akad.  Nauk.  SSSR. 

Kratohvil,  J.P.  (1964)  Light  scattering.  Anal.  Chem.  36:458R-472R. 

Kraus.  E.B.  (1947)  Note  on  fog  and  atmospheric  pollution.  Quart.  J.  Roy.  Meteor.  Soc.  73:188-190. 


159 


Kucherov.  P.l.  (1947)  Metodika  izucheniya  osnovnykh  paramelrov  tumana  (Technique  for 
studying  the  fundamental  parameters  of  fog).  Trudy  Glaunaia  Geofizicheskaia 
Observatoriia,  No.  1  (63). 

Kunkel,  B.  (1981)  Comparison  of  Fog  Drop-Size  Spectra  Measured  by  Light  Scattering  and 
Impaction  Techniques.  AFGL  TR-81-C)049.  AD  A100252. 

Kunkel.  B.  (1982)  Microphysical  Properties  of  Fog  at  Otis  AFB,  MA,  AFGL  TR-82-0026, 

AD  A1 19928. 

Kurtz.  U.  (1972)  Zum  spektralen  verlauf  der  strahlungsextinktion  und  ihrer  beeinflussung  durch 
die  relative  luftfeuchtigkeit.  Met  Rund.  25:134-140. 

Kuznetsov.  E.S.  (1945)  Jzv.  Akad.  Nauk  SSSR.  Ser.  GeograJ.  i  Geojiz,  9:204. 

Kyle.  T.G.  and  Sand.  W.R.  (1973)  Water  content  in  convective  storm  clouds.  Science.  180: 1274- 
1276. 

Lacis.  A.A.  and  Hansen.  J.E.  (1974)  A  parameterization  for  the  absorption  of  solar  radiation  in 
the  earth's  atmosphere.  J.  Atmos.  Sci.  31:1 18-133. 

Lacombe.  J.  (1982)  Measurements  of  Airborne-Snow  Concentration,  SNOW-ONE-A  Data  Rep.,  U.S. 
Army  Corps  of  Engineers.  CRREL  Special  Rep.  82-8.  225-282. 

Lacombe.  J.  (1983)  Techniques  for  measuring  the  mass  concentration  of  falling  snow.  Opt.  Eng. 
for  Cold  Environments.  Proc.  Soc.  Photo-Optical  Inst.  Eng.  414:17. 

Lacombe.  J.  eind  O'Brien.  H.W.  (1982)  Visible  and  infrared  attenuation  in  falling  snow.  In  Proc. 
of  Smoke/ Obscurant  Symp.  VI.  OPM  Smoke/Obscurant  Rep.  DRCPM-SMK-T-001-82. 

Lacombe,  J.,  Koh.  G.  and  Curcio,  J.A.  (1983)  Visible  propagation  in  falling  snow  as  a  function 
of  mass  concentration  and  crystal  type.  In  Proc.  of  SNOW  Symp.  II.  USA  Cold  Regions  Res. 
and  Eng.  Lab..  Special  Rep.  S3-4. 

Lambert,  J.H.  (1774)  Mem.  Acod.  Berlin,  74-80.  (Historic  reference,  atmospheric  optics). 

Landau.  L.  and  Placzek,  G.  (1934)  Phys.  Z.  Sowjetimion,  (Kharkov)  5: 172. 

Lcmdsberg,  H.  (1938)  Atmospheric  condensation  nuclei.  Ergebn.  d.  Kosm.  Phys.,  Bd.  111. 

Landsberg,  H.  (1944)  Observations  of  condensation  nuclei  in  the  atmosphere.  More  Wea.  Rev. 
U.S.W.B.  62. 

Landsberg.  H.  and  Neuberger,  4.  (1938)  On  the  frequency  distribution  of  drop  sizes  in  a  sleet 
storm.  Bull.  Amer.  Meteorol.  Soc.  19:354-356. 

Langevin,  P.  (1905)  Sur  les  ions  de  atmosphere.  C.R.Acad.  ScL  (Paris)  140:232-234. 

Langiile.  R.C.  emd  Gunn,  K.L.S.  (1948)  Quantitative  analysis  of  vertical  structure  in  precipitation 
J.  Meteor.  5:310. 

Langleben,  M.P.  (1954)  The  terminal  velocity  of  snowflakes.  Quart.  J.  Roy.  Meteor.  Soc.  80:174- 
181. 

Langmuir.  1.  (1948)  The  production  of  rain  by  a  chain  reaction  in  cumulus  clouds  of  temperatures 
above  freezing,  J.  Meteor.  5:175-192. 

Langmuir,  1.  (1948)  The  growth  of  pcU'ticles  in  smokes  and  clouds  and  the  production  of  snow  from 
supercooled  clouds,  Proc.  Amer.  Phil.  Soc.  92: 167-185. 

Langmuir,  I.  and  Westendorp,  W.F.  (1931)  A  study  of  light  signals  in  aviation  and  navigation. 
Physics.  1:273-317. 

Lawrence,  R.S.  and  Strohbehn,  J.W.  (1970)  A  survey  of  clear  air  propagation  effects  relevant  lo 
optical  communications.  Proc.  IEEE,  58:1523-1545. 


160 


Lawrence.  R.S.  .  Ochs,  G.R.  and  Clifford,  S.F.  (1970)  Measurements  of  atmospheric  turbulence 
relevant  to  opticeil  propagation.  J.  Opt  Soc.  Amer.  60:826. 

Laws.  J.O.  (1941)  Measurements  of  the  fall-velocity  of  water  drops  and  raindrops.  Trans.  Amer. 
Geophys.  Unioru  22:709-72 1 

Laws,  J.O.  and  Parsons,  D.A.  (1943)  The  relation  of  raindrop  size  to  intensity.  Trans.  Amer. 
Geophys.  Union.  24:452-460. 

Lebedev,  S.L.  (1971)  Dissipation  of  a  convective  cloud  after  rain  fallout.  Meteorologiia  i 
Gidrologiia,  28-34. 

Le  Cam,  M.N.  and  Iscika,  H.  (1989)  Numerical  simulation  of  raindrop  spectra:  effects  of  vertical 
differential  advectlon  of  raindrops,  Atmos.  Res.  22:307-321. 

Lenard,  Ph.  (1887)  Ueber  die  schwingungen  fallender  tropfen.  Ann.  Phys  Chem.  30:209-243. 

Lencad,  Ph.  (1904)  Ueber  regen.  Meteor.  Z.  21:248-262. 

Leval't-Ezerskli,  M..K.  and  Sverdlova.  B.N.  (1941)  Kolichestvennoe  opredelenie 

skondensirovavsheisya  vody  v  tumame.  In:  Voprosy  eksperimental  noi  meteorologli 
(Quantitative  determination  of  the  condensed  water  in  fogl. 

Levin,  G.  and  Ziv.  A.  (1974)  The  electrification  of  thunderclouds  and  the  rain  gush.  J.  Geophys. 
Res.  79:2699-2704. 

Levin,  L.M.  (1954)  Size  distribution  function  for  cloud  droplets  and  rain  drops,  Dok.  Akad. 
NaukSSSR.  94:1045.  Trans.  T263r  of  D.R.B..  Ottawa.  Can. 

Levin.  L.M.  (1954)  O  funktsiyakh  raspredeleniya  oblachnykh  i  dozhdevykh  kapel'  po  razmeram 
(Size  distribution  functions  of  clouds  and  rain  drops).  DokL  Akad.  Nauk  SSSR.  94. 


Levin,  L.M.  (1958)  O  funktsiakh  raspredeleniya  oblachnykh  kapel’  (Distribution  functions  of 
clouds  droplets).  Izv.  Akad.  Nauk  SSSR.  seriya  geofizicheskaya.  10. 

Levin,  L.M.  (1961)  Issledovaniya  po  fizike  grubodispersnykh  aerozolei  (Studies  in  the  physics 
of  coarsely  disperse  aerosols).  Moscow,  Izdatel'stvo  Akad.  Nauk  SSSR. 

Levine,  J.  (1974)  A  Simple  Aircraft  Hot  Wire  Instrument  System  for  Measuring  Cloud  and  Rain 
Water.  NOAATech.  Memo.  ERL  WMPO-16,  30  pp. 

Lewis,  W.  (1947)  A  flight  Investigation  of  the  Meteorological  Conditions  Conducive  to  the 
Formation  of  Ice  on  Airplanes.  Tech.  Notes  Nat.  Adv.  Comm.  Aero.  Wash.,  1393.  34. 

Lewis,  W.  (1948)  Observations  of  middle  and  lower  cloud  composition  during  winter  emd  spring 
Mon  WecL  Rev.  76: 1-3. 

Lewis,  W.  (1951)  Meteorological  aspects  of  aircraft  icing.  Compendium  of  Meteorology.  Amer. 
Meteor.  Soc.,  Boston,  1197-1203. 

Ley,  W.C.  (1894)  Cloudland:  A  Study  on  (he  Structure  and  Characters  of  Clouds.  London.  Stanford. 

Lhermitte,  R.M.  and  Kessler,  E.  (1966)  Estimation  of  the  average  intensity  of  precipitation 
targets.  Proc.  12th  Conf.  on  Radar  Meteor..  Norman.  Oklahoma. 

Lhermitte,  R.  and  Williams,  E,  (1983)  Cloud  electrification.  Rev.  Geophys.  Space  Set  21:984-992. 

Liljequist,  G.  H.  (1956)  Halo  phenomena  and  ice  crystals.  Norwegian-British-Swedish  Antarctic 
Exp.  1945-52,  Scientific  Results,  II.  1-110. 

Lindholm,  F.  (1927)  Uber  die  staubtriibung  der  atmosphare  1909  bis  1926.  aus  davoser  strahlungs- 
messungen,  Gerlands  Beitrdge  zur  Geophysik.  Bd  XVIII.  H.  1/2. 

Link,  F.  (1950)  Couche  de  poussieres  meteoriques  dans  une  atmosphere  planetarie.  Bull. 

Astr.  Inst.  Czecho.  2: 1 . 


161 


Linke,  F.  (1942)  Die  theorie  der  zerstreuung,  extinktion  und  polarisation  des  lichtes  in  der 
atmosphere.  Handbuch  Geophysik,  Bd.  8.  Kap.  5.  SS.  Berlin-Zehlendorf,  Gebruder 
Bomtrager,  120-238. 

Linke.  F.  (1942)  (1943)  Handbuch  der  geophysik.  Bd.  8.  Lief.  1  u.  2..  Berlin.  Gebr.  Bomtrager. 

Liou,  K.-N.  (1972)  Light  scattering  by  ice  clouds  in  the  visible  and  infrared:  a  theoretical  study. 

J.  Atmos.  Set  29:524-536. 

Liou.  K.-N.  (1980)  An  Introduction  to  Atmospheric  Radiation,  Academic  Press.  392  pp. 

Liou.  K.-N.  and  Hemsen.  J.E.  (1971)  Intensity  and  polarization  for  single  scattering  by 

polydisperse  spheres:  a  comparison  of  ray  optics  and  Mie  theory.  J.  Atmos.  Set  28:995-1004. 

Liou,  K.-N..  Cai,  Q..  Pollack.  J.B.  and  Cuzzi.  J.N.  (1983)  Light  scattering  by  randomly  oriented 
cubes  and  parallelepipeds.  AppL  Opt  22:3001-3008. 

List,  R.  and  Gillespie.  J.R.  (1976)  Evolution  of  raindrop  spectra  with  collision-induced  breakup. 
J.  Atmos.  Set  33:2007-2013. 

Litvinov,  l.V.  (1956)  Determination  of  falling  velocity  of  snow  particles.  Izv.  Akad.  Nauk.  SSSR 
Ser.  Geojiz.  No.  7.  853-856. 

Litvinov.  l.V.  (1956)  The  function  of  the  distribution  of  particles  of  liquid  precipitates.  Izv.  Acad. 
NaukGeophys.  12:1474-1483. 

Livingston.  J.  M.  and  Krlder,  E.P.  (1978)  Electric  fields  produced  by  Florida  thunderstorms,  J. 
Geophys.  Res.  83:385-401. 

Lo.  K.K.  and  Passarelll.  R.E.  (1982)  The  growth  of  snow  in  winter  storms:  an  airborne 
observational  study.  J.  Atmos.  Set  39:697-706. 

Locatelli.  J.D.  and  Hobbs.  P.V.  (1974)  Fallspeeds  and  masses  of  solid  preciptiation  particles. 

J.  Geophys.  Res.  79:2185-2197. 

Logan,  N.A.  (1965)  Survey  of  some  early  studies  of  the  scattering  of  plane  waves  by  a  sphere, 

Proc.  IEEE.  53:773-785. 

Long,  D.A.  (1977)  Raman  Spectroscopy,  McGraw-Hill. 

Lowe.  E.J.  (1892)  Rain  drops.  Quart.  J.  Roy.  Meteor.  Soc.  18:242-243. 

Lowell.  S.C.  (1945)  Condensation  cmd  precipitation.  Handbook  of  Meteorology,  McGraw-Hill 
Publishers,  252-263. 

Ludlam,  F.H.  (1951)  The  production  of  showers  by  the  coalescence  of  cloud  droplets.  Quart.  J. 
Roy.  Meteor.  Soc.  77:402. 

Ludlam,  F.H.  (1951)  The  production  of  showers  by  the  coalescence  of  cloud  droplets.  Quart.  J. 
Roy.  Meteor.  Soc.  77:107-1 13. 

Ludlam,  F.H.  (1953)  The  sub-cloud  layer  over  land.  Quart.  J.  Roy.  Meteor.  Soc.  79:430-431. 

Luke,  G.D.  (1968)  Penetrability  of  Haze.  Fog.  Clouds  and  Precipitation  by  Radiant  Energy  Over 
the  Spectral  Range  0.1  Micron  to  10  Centimeters.  NAVWAG  Study  61,  AD  847658. 

Lund.  l.A.  (1965)  Estimating  the  probability  of  clear  lines-of-sight  from  sunshine  and  cloud 
cover  observation,  J.  Appl.  Meteor.  4:714-722. 

Lund,  l.A.  ( 1972)  Haze  Free  and  Cloud-Free  Lines  of-Sighl  Through  the  Atmosphere,  AFCRL  72- 
0540.  AD  751264. 

Lundholm, _ (1912)  Spektrojotometriska  undersokningar  over  diffusa  amnens  absorption, 

Uppsala. 

Lynch,  D.K.  (1987)  Optics  of  sunbeams,  J.  Opt.  Soc.  Amer.  77:609-61 1. 


162 


MacCready,  P.D.  and  Todd.  C.J.  (1964)  A  continuous  particle  sampler,  J.  Appl.  Meteor.  3:450-460. 

Macklin,  W.C.  (1962)  The  density  and  structure  of  ice  formed  by  accretion.  Quart.  J.  Roy.  Meteor. 
Soc.  88:No.  375. 

Magono,  C.  (1951)  On  the  fall  velocities  of  snowflakes.  J.  Meteor.  8:199-200. 

Magono,  C.  (1954)  On  the  Fall  Velocities  of  Solid  Precipitation  Elements,  Sci.  Rep.  Yokohama  Natl. 
Unlv.,  Sec.  1.  No.  3.  33-40. 

Magono.  C.  (1954)  On  the  Falling  Velocity  of  Solid  Precipitation  Elements.  Sci.  Rep.  Yokohaima 
Natl.  Univ..  Sec.  11.  1.  33-40. 

Magono,  C.  (1954)  On  the  shape  of  water  drops  falling  in  stagnant  air,  J.  Meteor.  11:77-79. 

Magono,  C.  and  Na’-amura,  T.  (1965)  Aerodynamic  studies  of  falling  snowflakes,  J.  Meteor. 

Soc.  Japan,  Ser.  11,  43:139-147. 

Magono,  C.  and  Lee,  C.V.  (1966)  Meteorological  classification  of  natural  snow  crystals,  J.  Foe. 

Set  Hokkaido  Uniu..  Ser.  7,  2:321-362. 

Mahrous,  M.A.  (1954)  Drop  sizes  in  sea  mists.  Quart.  J.  Roy.  Meteor.  Soc.  80:99-101. 

Mailloux,  R.J.  (1982)  Phased  array  theory  and  technology.  Proc.  IEEE.  70:246-291. 

Makhotkin,  L.G.  and  Solov'ev,  V.A.  (1962)  Atmosferno-elektricheskie  kharakteristiki  pri 
tumanakh  (Atmospheric-electricity  characteristics  in  fogs).  In:  Issledovanie  oblakov, 
osadkov  i  grozovogo  elektrichestva,  Izdatel'stuo  Akad.  Nauk  SSSR. 

Mai,  A.  (1931)  Forms  of  stratified  clouds,  Beitr.  z.  Phys.  d.freienAtm.  17:40-68. 

Malan,  D.  J.  and  Schonlcmd,  B.F.J.  (1951)  The  distribution  of  electricity  in  thunderclouds,  Proc. 
Roy.  Soc.  London,  Ser.  A.  209:158-177. 

Malone.  T.F.  (editor)  (1951)  Compendium  of  Meteorology ,  Amer.  Meteor.  Soc.,  Waverly  Press. 
Baltimore.  Md. 

Manneback,  C.  (1930)  Die  Intensitat  und  Poleurisation  der  von  Zweiatomigen  Molekulen 

gestreuten  Koharenten  und  inkohdrenten  Strahlung,  Z.  Physik.  62:224  and  Berichtigung  zu 
meiner  Arbeit  "Die  Intensitat  und  Polarisation  der  von  Zweiatomigen  Molekulen 
gestreuten  Koharenten  und  inkoharenten  Strahlung.  Z.  Physik.  65:574. 

Manson,  J.E.  ( 1965)  Aerosols,  Handbook  of  Geophysics  and  Space  Enuironments,  Sec.  5.5,  6  pp. 

Manton,  M.J.  (1979)  On  the  broadening  of  a  droplet  distribution  by  turbulence  near  cloud  base. 
Quart.  J.  Roy.  Meteor.  Soc.  105:899-914. 

Manton,  M.J.  and  Warner,  J.  (1982)  On  the  droplet  distribution  neeir  cloud  base  of  cumulus  clouds. 
Quart.  J.  Roy.  Meteor.  Soc.  108:917-928. 

Marsh,  A.  (1947)  Smoke,  Faber,  London. 

Marshall,  J.S.  (1953)  Precipitation  patterns  and  trajectories,  J.  Meteor.  10:25-29. 

Marshall.  J.S.  and  Gordon.  W.E.  (1957)  Radiometeorology.  Meteorological  Monogr.  3:(No.  14)73- 
111. 

Marshall.  J.S.  cuid  Palmer,  W.  McK.  (1948)  The  distribution  of  raindrops  with  size,  J.  Meteor. 
5:165-166. 

Marshall,  J.S.  and  Hitchfield.  W.  (1953)  The  interpretation  of  the  fluctuating  echo  for  randomly 
distributed  scatterers,  part  1.  Can.  J.  Phys.  31:962-994. 

Marshall.  J.S.,  Gunn,  K.L.  S.  and  East.  T.W.R.  (1952)  The  Microwave  Properties  of  Precipitation 
Particles.  Montreal.  McGill  Univ.  Sci.  Rep.  MW-7.  Stormy  Weather  Group,  40  pp. 


163 


Mason,  B.J.  (1952)  Productjon  of  rain  and  drizzle  by  coalescence  in  stratiform  clouds.  Quart. 

J.  Roy.  Meteor.  Soc.  78:377-386. 

Mason,  B.J.  (1953)  Growth  of  ice  crystals  in  supercooled  cloud.  Quart.  J.  Roy.  Meteor.  Soc.  79: 
104-111. 

Mason,  B.J.  (1955)  Radar  evidence  for  aggregation  and  orientation  of  melting  snowflakes.  Quart. 
J.  Roy.  Meteor.  Soc.  81:262-269. 

Mason.  B.J.  (1971)  The  Physics  of  Clouds,  second  edition.  Clarendon  Press.  Oxford,  England. 

Mason.  B.J.  and  Ramanadham,  R.  (1954)  Modification  of  the  size  distribution  of  falling 
raindrops  by  coalescence.  Quart  J.  Roy.  Meteor.  Soc.  80:388-394. 

Mason,  B.J.  and  Maybank,  J.  (1960)  The  fragmentation  and  electrification  of  freezing  water 
drops.  Quart  J.  Roy.  Meteor.  Soc.  86:(No.  368). 

Mason,  J.B.  (1978)  Light  Attenuation  in  Falling  Snow.  ASL-TR-0018,  U.S.  Army  Atmospheric 
Sciences  Lab.,  White  Sands  Missile  Range.  New  Mexico. 

Maxwell.  A..  Swarup.  G.  and  Thompson,  A.R.  (1958)  The  radio  spectrum  of  solar  activity,  Proc. 
IRE.  46:(No.  1). 

Maxwell.  J.C.  (1873)  Molecules,  Nature.  VIII.  440.  (Historic  reference,  atmospheric  optics). 

May,  K.R.  (1950)  The  measurement  of  airborne  droplets  by  the  magnesium  oxide  method.  J.  ScL 
Instr.  27:128-130. 

Maynard.  R.H.  (1945)  Radar  and  weather.  J.  Meteor.  2:214-226. 

Mazin.  l.P.  (1952)  Raschet  otlozheniya  kapel'  na  kruglykh  tsilindricheskikh  poverkhnostyakh 
(Calculation  of  droplet  deposition  on  round  cylindrical  surfaces).  Trudy  Tsentral  Aerolog. 
Observ.,  No.  7. 

Mazin.  l.P.  (1957)  Fizicheskle  osnovy  obledeneniya  samoletov  (Physical  Bases  of  Aircraft  Icing). 
Moscow.  Gidrometeorizdat. 

Mazur,  J.  (1952)  On  the  sampling  of  water  droplets  in  natural  clouds  and  in  radiation  fogs,  Proc. 
Phys.  Soc.  London.  65:457-458. 

McCcirthy,  J.  (1974)  FielU  verificaJon  of  the  relationship  between  entrainment  rate  and  cumulus 
cloud  diameter.  J.  Atmos.  ScL  31: 1028-1039. 

McCartney,  E.J.  (1976)  Optics  of  the  Atmosphere.  Wiley,  New  York,  Toronto. 

McClatchey,  R.A.,  ’^enn,  R.W..  Selby.  J.E.A..  Volz.  F.E.  and  Garing.  J.S.  (1970)  Optical  Properties 
of  the  Atmosphere  (3rd  Ed.).  AFCRL-TR-72-052'’.  AD  715270. 

McClatchey,  R.A.,  Fenn,  R.W..  Selby.  J..  Volz,  F.E.  and  Garing.  J.S.  (1972)  Optical  Properties  of  the 
Atmosphere  (3rd  Ed.).  AFCRL-TR-72-0497,  AD  753075. 

McClatchey,  R.A.,  Benedict.  W.S.,  Clough,  S.A.,  Burch.  D.E..  CalTee,  R.F.,  Fox,  K.,  Rothman,  L.S. 
and  Garing,  J.S.  (1973)  AFCRL  Atmospheric  Absorption  Line  Parameters  Compilation.  AFCRL 
TR- 73-0096,  AD  762904. 

McCormick,  M.P..  Lawrence,  J.D.  and  Crownfie  ^.  F.R.,  Jr.  (1968)  Mie  total  and  differential 
backscattering  cross  sections  at  laser  wavelen*.  ths  for  Junge  aerosol  models,  Appl.  Opt. 
7:2424-2425. 

McCormick,  M.P.,  Swissler,  T.J.,  Fuller,  W.H..  Hunt.  W.H.  and  Osborn,  M.T.  (1984)  Airborne  and 
ground-based  lidar  measurements  of  the  El  Chichon  stratospheric  aerosol  from  90°N  to 
560S.  Geojys,  Int  23-2:187-221. 

McDonald,  J.E.  (1954)  The  shape  and  aerodynamics  of  large  raindrops.  J.  Meteor,  11:478-494. 
McNicholas,  H.J.  (1936)  Selection  of  colors  for  signal  lights,  J.Res.  Nat.  Bur.  Stand.  17:955-980. 


164 


Mecke,  R.  (1920)  Experimentalle  und  teoretische  untersuch ungen  uber  kranzerscheinungen  im 
homogenen  nebel,  I.  Ann.  Phys.  Bd.  61.  471-500. 

Mecke,  R  (1921)  Ober  zerstreuung  und  beugung  des  lichtes  durch  nebel  und  wolken.  11.  Ann.  Phys. 
65:257-273. 

Medhurst,  R.G.  (1965)  Rainfall  attenuation  of  centimeter  waves:  comparison  of  theory  and 
measurement.  IEEE  Trans.  Ant.  and  Propagat.  AP-13:550-564. 

Meggers,  W.F.  and  Peters,  C.G.  (1919)  Measurements  on  the  index  of  refraction  of  air  for  wave 
lengths  from  2218  A  to  9000  A,  Bull  Nat.  Bur.  Stand.  14:697-740. 

Meinel,  A.  and  Melnel,  M.  (1983)  Sunsets.  Twilights  and  Evening  Skies,  Cambridge  U.  Press, 
Cambridge. 

Merceret.  F.J.  and  Schrlcker.  T.L.  (1974)  A  new  hot-wire  liquid  cloud  water  meter,  J.  AppL 
Meteor.  14:319-326. 

Metcalf.  J.  and  Ek:hard,  J.D.  (1978)  Coherent  polarization-diversity  radar  techniques  in 
meteorology,  J.  Atmos.  Set  35:2010-2019. 

Metcalf,  J.,  Brookshire.  S.P.  and  Morton,  T.P.  (1977)  Polarization  Diversity  Radar  and  Lidar 
Technology  in  Meteorological  Research,  AFGL-TR-78-0030.  Air  Force  Geophys.  Lab.,  Sci.  Rep. 
No.  1,  Contract  F19628-77-C-0066.  Georgia  Institute  of  Technology.  ADA054294. 

Michnowski,  S.  (1963)  On  the  observation  of  lightning  in  warm  clouds.  Indian  J.  Meteor. 
Geophys.  14:320-322. 

Middleton,  W.E.K.  (1935)  Gerlands  Beitr.  Geophys.  44:358-375. 

Middleton,  W.E.K.  (1941)  Visibility  in  Meteorology,  second  edition.  Univ.  of  Toronto  Press. 
Toronto. 

Middleton,  W.E.K.  (1947)  Note  on  the  visual  range  of  white  and  grey  objects.  Quart.  J.  Roy. 
Meteor.  Soc.  73:456-459. 

Middleton.  W.E.K.  (1951)  Visibility  in  meteorology.  Compendium  of  Meteorology.  Amer.  Meteor. 
Soc.,  Boston,  91-97. 

Middleton,  W.E.K.  (1952)  Vision  Through  the  Atmosphere,  Univ.  of  Toronto  Press,  Toronto,  105  pp. 

Middleton,  W.E.K.  (1960)  Random  reflections  on  the  history  of  atmospheric  optics.  J.  Opt.  Soc. 
Amer.  50:97-100. 

Mie,  G.  (1908)  Beitrage  zur  optik  truber  medien.  speziell  kolloidaler  metallosungen,  Ann.  Phys. 
(Leipzig).  25:377-445. 

Mikirov,  A.E.  (1957)  O  vozmozhnosti  razdel'nogo  izucheniya  chastits  zhidkoi  i  tverdoi  fraktsii 
aerozolya  (The  possibility  of  separate  study  of  particles  belonging  to  the  liquid  and  solid 
fractions  of  aerosol).  Izv.  Akad.  Nauk  SSSR,  seriya  geojizicheskaya.  No.  5. 

Mikirov,  A.E.  (1957)  Ob  izmerenii  spektrov  raspredeleniya  chastits  v  oblakakh  i  tumanakh 
(Measurement  of  the  distribution  spectra  of  particles  in  cloud  and  fog).  Izv.  Akad.  Nauk 
SSSR,  seriya  geojizicheskaya.  No.  4. 

Mikirov,  A.E.  (1957)  Fotoelektricheskii  metod  issledovaniya  raspredeleniya  razmerov  chastits 
osadkov  (Photoelectrical  method  of  studying  the  size  distribution  of  particles  of 
precipitation).  Izv.  Akad.  Nauk  SSSR,  seriya  geojizicheskaya.  No.  1 . 

Milch,  W.  (1928)  Optik  der  atmosphare,  Handbuch  der  Experimentalpitysik,  Bd.  25,  1  Teil. 

Mill,  J.D.  and  Shettle,  E.P.  (1983)  A  Preliminary  mWTRAN  Snow  Model.  AFGL  TR-83-0148, 

AD  A129826. 


165 


Mill,  J.D.  and  Shettle,  E.P.  (1983)  A  preliminai'y  LOWTRAN  snow  model.  In  Proc.  of  SNOW  Symp. 
11.  USA  Cold  Regions  Res.  and  Eng.  Lab..  Special  Rep.  83-4. 

Miller.  L.E.  and  Junge,  C.E.  (1957)  Atmospheric  composition.  Handbook  of  Geophysics,  I  Chap.  8. 

12  pp. 

Miller,  L.J.  (1975)  Internal  airflow  of  a  convective  storm  from  dual-Doppler  radcir  measurements, 
Pageoph,  BirkhSuser  Verlag,  Basel,  113. 

Miller,  W.H.  (1842)  Trans.  Cambridge  PhxL.  Soc.  70:277-286.  (Historic  reference,  atmospheric 
optics). 

Minervin.  V.E.  (1956)  Ob  Izmereniyakh  vodnosti  i  obledeneniya  v  pereokhlazhdennykh 

oblakakh  1  o  nekotorykh  oshibkakh  etikh  izmerenii  (Measurements  of  water  content  and 
icing  in  supercooled  clouds  and  certain  errors  in  these  measurements).  Trudy  Tsentral 
Aerolog.  Observ.,  No.  17. 

Minervin.  V.E.,  Mazin,  l.P.  zmd  Burkovskaya,  S.N.  (1958)  Nekotorye  novye  dannye  o  vodnosti 
oblakov  (Some  new  data  on  the  water  content  of  clouds).  Trudy  Tsentral  Aerolog.  Observ.. 

No.  19. 

Minnaert,  M.G.J.  (1935)  Light  and  Colour  in  the  Open  Air,  G.  Bell  &  Sons.  Ltd.  (Republished  1954, 
Dover  Publications). 

Minnaert,  M.  (1959)  Light  and  Color  in  Nature  (Russ,  trans.).  Fizmatgiz. 

Monzingo,  R.A.  and  Miller  T.W.  (1980)  Introduction  to  Adaptive  Arrays.  Wiley  and  Sons. 

Moore,  C.B.  and  Vonnegut,  B.  (1960)  Estimates  of  raindrop  collection  efficiencies  in  electrified 
clouds.  Proc.  Cloud  Phy^.  Conf.  Woods  Hole.  Mass..  Amer.  Geophys.  Union.  Geophys.  Mono. 

No.  5.  291-304. 

Moore,  C.B.  and  Vonnegut.  B.  (1973)  Reply  to  P.R.  Brazier- Smith.  S.G.  Jennings  and  J.  Latham  on 
"Increased  rates  of  rainfall  production  in  electrified  clouds".  Quart.  J.  Roy.  Meteor.  Soc. 
99:779-786. 

Moore,  C.B.,  Vonnegut,  B.,  Sein,  B.A.  emd  Survilas.  H.J.  (1960)  Observations  of  electrification  and 
lightning  in  warm  clouds.  J.  Geophys.  Res.  65:1907-1910. 

Moore.  C.B.,  Vonnegut,  B.,  Vrablik.  E.A.  and  McCaig.  D.A.  (1964)  Gushes  of  rain  and  hail  after 
lightning,  J,  Atmos.  Set  21:646-665. 

Moore,  D.J.  (1952)  Measurements  of  condensation  nuclei  over  the  North  Atlantic,  Quart.  J.  Roy. 
Meteor.  Soc.  78:596-602. 

Mordy,  W.  (1959)  Computations  of  the  growth  by  condensation  of  a  population  of  cloud  droplets, 
TeUus.  11:16-44. 

Mossop,  S.C.  (1965)  Stratospheric  particles  at  20  km  altitude,  Geochim.  Cosmochim.  Acta.  29; 
201-207. 

Mossop.  S.C.  (1970)  Concentrations  of  ice  crystals  in  clouds.  Bull.  Amer.  Meteor.  Soc.  51:474-479. 

Mueller,  E.A.  and  Sims,  A.L.  (1966)  The  influence  of  sampling  volume  on  raindrop  size  spectra. 
Proc.  12th  Weather  Radar  Conf,  Norman,  Ok..  135. 

Muench,  H.S.  and  Brown  H.A.  (1977)  Measurement  of  Visibility  and  Radar  Reflectivity  During 
Snowstorms  in  the  AFGL  Mesonet,  U.S.  Air  Force  Geophys.  Lab.,  AFGL-TR-77-0148,  AD 
A049258. 

Muench,  H.S..  Moroz,  E.Y.  and  Jacobs,  L.P.  (1974)  Development  and  Calibration  of  the  Forward 
Scatter-Meter.  AFCRL  TR-74-0145.  AD  783270. 

Muller,  G.  (1964)  Methoden  der  sedimentuntersuchung,  E.  Schwitzerbart'sche  Verlags- 
Buchhandlung,  Stuttgart. 


166 


Muller,  J.  (1883)  Lehrbuch  cL  Kosm.  Physik.  403.  (Historic  reference,  atmospheric  optics). 

Nakaya,  U.  (1955)  Snow  crystals  and  aerosols,.  J.  Fac.  Set  Hokkaido  Univ.  4:341. 

Nakaya,  U.  and  Terada,  T.  (1934)  On  the  electrical  nature  of  snow  particles,  J.  Fac.  Set 
Hokkaido  Univ.  1:181. 

Nakaya,  U.  and  Terada,  T.  (1935)  Simultaneous  observations  of  the  mass,  falling  velocity  and 
form  of  individual  snow  crystals,  J.  Fac.  ScL  Hokkaido  Univ.,  Ser.  2,  1:191-200. 

Nakaya,  U.,  Sekido,  Y.  and  Tada,  M.  (1936)  Notes  on  irregular  snow  crystals  and  snow  pellets.  J. 
Fac.  ScL  Hokkaido  Univ.,  Series  11.  Physics.  1:215. 

Neiburger,  M.G.  (1949)  Reflection,  absorption  and  transmission  of  insolation  by  stratus  cloud, 

J.  Meteor.  6:98-104. 

Neiburger,  M.G.  and  Wurtele,  H.  (1949)  On  the  nature  and  size  of  particles  in  haze,  fog  and  stratus 
of  the  Los  Angeles  region,  Chent  Review.  44:321-355. 

Neiburger,  M.G.  and  Chien,  C.W.  (1960)  Computations  of  the  growth  of  cloud  drops  by 
condensation  using  an  electronic  digital  computer,  Proc.  Cloud  Phys.  Cory'., 

Woods  Hole,  Mass.,  Amer.  Geophys.  Union,  Geophys.  Mono  No.  5.  191-210. 

Neiburger.  M.G.,  Aufm  Kampe.  H.J.  and  Weickmann,  H.K.  (1953)  Visibility  tmd  liquid  content  in 
cloud,  J.  Meteor.  10:401-404. 

Neiburger.  M.G..  Aufm  Kampe,  H.J.  and  Weickmann.  H.K.  (1954)  Further  comments  on  visibility 
and  liquid  water  content  in  clouds.  J.  Mete  '.  11:80-82. 

Nelson.  A.R.  and  Gokhale,  N.R.  (1972)  Oscillation  frequencies  of  freely  suspended  water  drops. 

J.  Geophys.  Res.  77-.T72A-2727 . 

Neubart,  J.  (1990)  The  "joule"  and  the  crown.  Industrial  Photography.  April  issue. 

Neuberger.  H.  (1949)  Air  pollution.  Miner,  IndL  18:1-3. 

Neuberger,  H.  (1950)  Arago's  neutral  point:  a  neglected  tool  in  meteorological  research.  Bull. 

Amer.  Meteor.  Soc.  31:1 19-125. 

Neuberger,  H.  (1951)  General  meteorological  optics.  Compendium  of  Meteorology,  Amer.  Meteor. 
Soc.,  Boston.  61-78. 

Neumann.  H.B.  (1940)  Messungen  des  aerosols  an  der  nordsee,  Gerl.  Beit.  z.  Geophys.  56. 

Newell,  R.E.,  Geotis.  S.G.,  Stone,  M.L.  md  Fleisher,  A.  (1955)  How  round  are  raindrops?  Proc.  Fifth 
Weather  Radar  Conf.  Fort  Monmouth,  New  Jersey,  Amer.  Meteor.  Soc.  261-268. 

Newkirk,  G.,  Jr.  and  Eddy,  J.A.  (1964)  Light  scattering  by  particles  in  the  upper  atmosphere. 

J.  Atmos.  Sci.  21:35-60. 

Newton.  Sir  Isaac.  (1704)  Opticks,  book  11.  pt.  3.  prop.  7.  (Historic  reference,  atmospheric  optics). 
Dover  Publ.,  414  pp. 

Nicholls,  S.  and  Leighton,  J.  (1986)  An  observational  study  of  the  structure  of  stratiform  cloud 
sheets:  part  1,  structure.  Quart.  J.  Roy.  Meteor.  Soc.  112:431-460. 

Nicholls,  S.  and  Turton.  J.D.  (1986)  An  observational  study  of  the  structure  of  stratiform  cloud 
sheets:  part  II,  entrainment.  Quart.  J.  Roy.  Meteor.  Soc.  112:461  480. 

Nichols,  E.L.  (1908)  Theories  of  the  color  of  the  sky.  Proc.  Amer.  Phys.  Soc.  XXVI:497-51 1. 

Niederdorfer,  E.  (1932)  Messungen  dei  grosse  der  regentropfen.  Meteor.  Z.  49:1-14. 

Nilsson,  B.  (1979)  Meteorolgical  influence  on  aerosol  extinction  in  the  0.2  -  40  pm  wavelength 
range,  AppL  Opt  18:3457-3473. 

Nolan,  P.J.  and  Galt,  R.I.  (1944)  The  equilibrium  of  small  ions  and  nuclei.  Proc.  Roy.  Irish  Acad. 
50:51-68. 


167 


Noone.  K.J..  Charlson,  R.J.,  Covert,  D.S.,  Ogren.  J.A.  and  Heinuenberg.  J.  (1988)  Cloud  droplets: 
solute  concentration  is  size  dependent.  J.  Geophys.  Res.  93:9477-9482. 

Noonkester,  V.R.  (1984)  Droplet  spectra  observed  in  marine  stratus  cloud  layers,  J.  Atmos.  Set 
41:829-845. 

Nordenskjbld,  G.  (1894)  Schneeflocken-formen.  Meteor.  Z.  11:346. 

Norrinder.  H.  and  Salka,  O.  (1951)  Mechanism  of  positive  spark  discharges  with  long  gaps  in  air 
at  atmospheric  pressure,  Arkiv  Fysik.  3:347-386. 

Nuss  ‘nzvelg,  H.M.  (1965)  High-frequency  scattering  by  an  impenetrable  sphere.  Ann.  Phys.  34:23- 
95. 

Nussenzveig,  H.M.  (1969)  High-frequency  scattering  by  a  transparent  sphere:  I.  direct  reflection 
and  transmission,  J.  Math.  Phys.  10:82-124. 

Nussenzveig,  H.M  (1969)  High-frequency  scattering  by  a  transparent  sphere:  11,  theory  of  the 
rainbow  and  the  glory,  J.  Math.  Phys.  10: 125- 176. 

Nussenzveig,  H.M.  (1977)  The  theory  of  the  rainbow.  ScL  Amer.  236:1 16-127. 

Nussenzveig.  H.M.  (1979)  Complex  angular  momentum  theory  of  the  rainbow  and  the  glory,  J. 
Opt.  Soc.  Amer.  69: 1068- 1079. 

Nyberg.  A.  (1949)  On  liquid  water  content  in  fogs  and  don-^s.  Communications,  Meteorologiska 
och  hydrologiska  institut,  ser.  B,  No.  6. 

O'Brien,  H.W.  (1970)  Visibilty  and  light  attenuaMon  in  falling  snow.  J.  Appl.  Meteor.  9:671-683. 

O’Brien,  H.W. and  Munis,  R.H.  (1975)  CRREL  Res.  Rep.  332,  U.S.  Army  Cold  Reg.  Res.  and  Eng. 

Lab.,  Hanover,  NH 

Ochs,  H.T.  and  Beard,  K.V.  (1985)  Effects  of  coalescence  efficiencies  on  the  formation  of 
preclptation,  J.  Atmos.  ScL  42:1451-1454. 

Ochs,  H.T.  and  Czys,  R.R.  (1987)  Charge  effects  on  the  coalescence  of  water  drops  in  free  fall. 
Nature,  327:606-608. 

Ogawa,  T.  (1985)  Fair  weather  electricity.  J.  Geophys.  Res.  90:5951-5960. 

Oguchi,  T.  (1981)  Scattering  from  liydrometeors:  a  survey.  Radio  Sci.  16:691-730. 

Ogura,  Y.  (1975)  On  the  interaction  between  cumulus  clouds  emd  the  larger-scale  environment, 
Pageoph,  Birkhauser  Verlag,  Basel,  113. 

Ogura,  Y.  and  Ch<.  ley,  J.G.  (1962)  A  numerical  model  of  thermal  convection  in  the  atmosphere. 
Proc.  Intern.  Symp.  Num.  Wea.  PredL,  Nov.  7-13,  1960,  Tokyo,  Meteor.  Soc.  Japan.  431-451. 

Ogura,  Y.  cmd  Phillips,  N.A.  (1962)  Scale  analysis  of  deep  and  shallow  convection  in  the 
atmosphere.  J.  Atmos.  ScL  19:173-179. 

Ogura,  Y.  and  Cho,  H.R.  (1973)  Diagnostic  determination  of  cumulus  cloud  populations  from 
large-scale  variables,  J.  Atmos.  Sci.  30: 1276-1286. 

Ogura,  Y.  and  Cho,  H.R.  (1974)  On  the  interaction  between  the  subcloud  and  cloud  layers  in  the 
tropical  regions.  J.  Atmos.  Sci.  31:1850-1859. 

Ohtake,  T.  (19G8)  Change  of  size  distribution  of  hydrometeors  through  a  melting 

layer.  Preprints  13th  Radar  Meteor.  Con/.,  Montreal.  Amer.  Meteor.  Soc.,  148-153. 

Ohtake,  T.  and  Henmi,  T.  (1970)  Radar  rellectivity  of  aggregated  snowflakes.  Preprints  I4th 
Radar  Meteor.  Conf,  Tucson,  Arizona,  209-2 1  1 . 


168 


Oliver.  C.J.  (1979)  Pulse  compression  in  optical  radar.  IEEE  Trans.  Aerosp.  Electron.  Sysl. 

AES- 15:306-324. 

Olsen.  R.L.  (1981)  Cross  polarization  during  precipitation  on  terrestial  links;  a  review.  Radio 
ScL  16:761-770. 

Olsen.  R.L..  Rogers.  D.V.  and  Hodge.  D.B.  (1978)  The  aR^  relation  in  the  calculation  of  rain 
attenuation.  IEEE  Trans.  Antennas  Propagat.  AP-26:3 18-329. 

Ono,  A.  (1970)  Growth  mode  of  ice  crj'stals  in  natural  clouds.  J.  Atmos.  ScL  27:649-658. 

Orr.  C..  Jr..  Hurd.  F.K..  Hendrix.  W.P.  and  Corbett.  W.J.  Ill  (1956)  An  Investigation  into  the  Growth 
of  Small  Aerosol  Particles  with  Humidity  Change.  Final  Rep. 

Orr.  C..  Jr..  Hurd.  F.K.  and  Corbett.  W.J.  (1958)  Aerosol  size  and  relative  humidity.  J.  Colloid.  ScL 
13:472-482. 

Orthel.  J.C.  (1948)  Visibility  Indicator,  Aeronautical  Ice  Res.  Lab.  Rep.  AIRL  6034  48-14-7,  Air 
Materiel  Command,  Dayton,  Ohio. 

Orville,  H.D.  and  Hubbard.  K.G.  (1973)  On  the  freezing  of  liquid  water  in  a  cloud,  J.  App.  Meteor. 
12:671-676. 

Otani,  (1951)  Theoretical  aspects  on  size  distribution  of  cloud  particles.  Geophys.  Mag.  23. 

Overhauser,  A.W.  (1949)  The  clustering  of  ions  and  the  mobilities  in  gaseous  mixtures,  Phys. 

Rev.  76:250-254. 

Packer.  D.M.  and  Lock.  C.  (1951)  The  brightness  and  polarisation  of  the  daylight  sky  at  altitudes 
of  18.000  to  38.000  ft.  J.  Opt.  Soc.  Amer.  41:473. 

Paluch.  I.R.  (1986)  Mixing  and  the  cloud  droplet  size  spectrum:  generalizations  from  the  CCOPE 
data.  J.  Atmos.  ScL  43:1984-1993. 

Paluch,  I.R.  gmd  Knight.  C.A.  (1986)  Does  mixing  promote  cloud  droplet  growth?  J.  Atmos.  ScL 
43:1994-1998. 

Parry.  W.E.  (1821)  Journal  of  a  Voyage  for  the  Discovery  of  a  Northwest  Passage  from  the 
Atlantic  to  the  Pacific,  (Parry's  first  voyage).  John  Murray,  London. 

Pasqualucci,  F.  and  Miller,  L.J.  (1981)  Dual  wavelength  radar  observation  in  clouds  and 
precipitation,  20th  Conf.  Radar  Meteor.  Amer.  Meteor.  Soc..  Boston. 

Pasqualucci,  F..  Bartram,  B.W.,  Kropfli,  R.A.  and  Moninger,  W.R.  (1983)  A  millimeter-wavelength 
dual-polarization  Doppler  radar  for  cloud  and  precipitation  studies.  J.  Climate  Appl. 

Meteor.  22:758-765. 

Paulsen,  W.H.  (1968)  Use  of  the  AN/FPS  77  for  Quantitative  Weather  Radar  Measwements, 
AFCRL-TR-68-0013,  Air  Force  Cambridge  Res.  Lab.  AD668090. 

Paulsen,  W.H.  and  Petrocchi.  P.J.  (1966)  Contributions  of  the  AN/FPS-77  to  improved  weather 
observing  and  forecasting  ,  Preprints  12th  Radar  Meteor.  Conf,  Norman,  Oklahoma,  Amer. 
Meteor.  Soc.  81-83. 

Paulsen,  W.H.,  Petrocchi,  P.J.  and  McLean,  G.  (1970)  Operational  Utilization  of  the  AN/TPQ- 1 1 
Cloud  Detection  Radar.  AFCRL-TR-70-0335.  Air  Force  Cambridge  Res.  Lab,  AD709364. 

Pchelko,  I.G.  and  Borovikov.  A.M.  (1959)  Rezul'taty  obrabotki  dannykh  mikroslrucktumykh 
nablyudenii  dlya  oblakov  s  obledeneniem  i  bez  obledeneniya  (Results  of  processing  of  data 
of  microstructural  observations  for  clouds  with  or  without  iciqg).  Trudy  Tsentral  Ip.  No.  80. 

Pearce,  D.C.  and  Currie,  B.W.  (1949)  Some  qualitative  results  on  the  electrification  of  snow. 

Can.  J.  Res.  27;  1-8. 


169 


Pearson,  K..  et  al.  (1951)  Tables  of  the  incomplete  Gamma  Function.  Cambridge  Univ.  Press. 
Cambridge.  England. 

Penndorf,  R.B.  (1953)  On  the  Phenomenon  of  the  Colored  Sun,  Especially  the  Blue  Sun,  Geophys. 

Res.  Pap.  25..  No.  20,  G.R.D..  Cambridge.  Mass..  U.S.A.  41  pp. 

Penndorf,  R.B.  (1954)  The  Vertical  Distribution  of  Mie  Particles  in  the  Troposphere.  Geophys.  Res. 
Pap.  25,  G.R.D..  Cambridge.  Mass.,  U.S.A. 

Penndorf.  R.B.  (1956)  New  Tables  of  Mie  Scattering  Functions  for  Spherical  Particles,  Geophys. 

Res.  Pap.  No.  45,  Air  Force  Cambridge  Research  Center 

Penndorf.  R.B.  (1956)  Luminous  and  Spectral  Reflectance  as  well  as  Colors  of  Natural  Objects, 
AFCRL-TR-56-203.  AD  98766. 

Penndorf,  R.B.  (1957)  Comments  on  "Measurements  of  cloud  drop-size  distributions".  J.  Meteor. 
14:573-574. 

Penndorf,  R.B.  (1957)  Tables  of  the  refractive  index  for  standard  air  and  the  Rayleigh  scattering 
coefficient  for  the  spectral  region  between  0.2  and  20.0  pm  and  their  application  to 
atmospheric  optics.  J.  Opt.  Soc.  Amer.  47:176-182. 

Penndorf.  R.B.  (1958)  An  approximation  method  to  the  Mie  theory  for  colloidal  spheres.  J.  Phys. 
Chem.  62: 1537- 1542. 

Penndorf,  R.B.  (1962)  Angular  Mie  scattering.  J.  Opt.  Soc.  Amer.  52. 

Penndorf,  R.B.  (1962)  Scattering  and  extinction  coefficients  for  small  absorbing  and 
non-absorbing  aerosols,  J.  Opt.  Soc.  Amer.  52:896-904. 

Penndorf.  R.B.  (1962)  Scattering  and  extinction  coefficients  for  small  spherical  aerosols,  J. 
Atmos.  Set  19: 193. 

Penndorf.  R.B.  (1963)  Research  on  Aerosol  Scattering  in  the  Infrared.  Final  Rep.  AFCRL-63-688. 

Penney,  C.M..  St.  Peters.  R.L.  and  Lapp.  M.  (1974)  Absolute  Raman  cross  sections  for  N2,  O2  and 
CO2.  J.  Opt.  Soc.  Amer.  64:712-716. 

Peppier.  W.  (1922)  Beitrage  zur  physik  des  cumulus.  Beit.  2.  Phys.  cLf  Atm.  10:Heft  2-3. 

Peppier,  W.  (1939)  Uber  glorien  und  halos,  Z.  angew.  Meteor.  56:173-186. 

Peppier,  W.  (1940)  Contribution  to  the  knowledge  of  fallstreifen,  Beitr.  Z.  Phys.  cLf  Atmos. 
26:37-46. 

Peppier,  W.  (1940)  Unterkuhlte  wasserwolken  und  eiswolken,  Forsch.  Erfahr.  d.  R.W.D.,  B,  No.  1. 

Perkins,  P.J.  (1951)  Flight  instrument  for  measurement  of  LWC  in  clouds  at  temperatures  above 
and  below  freezing,  U.S.  NACA  Res.  Memo.  #E50J12a. 

Pemter,  J.M.  (1902)  Optical  phenomena  in  atmosphere  (in  Ge.  man),  Meteorologische  Optik, 
Vienna  and  Leipzig.  Welhelm  Braumuller. 

Pemter.  J.M.  zmd  Exner,  F.M.  (1910)  Meteorologische  Optik.  Braumuller.  Vienna,  413. 

Pemter,  J.M.  and  Exner,  F.M.  (1922)  Meteorologische  Optik,  2,  AuD..  907  pp..  Braumuller,  Vienna 
and  Leipzig.  644-725. 

Personne.  P.  (1983)  Observation  of  Bimodal  Spectra  in  Stratocumuli  and  Cumuli  Their  Relation 
with  Entrainment,  Doctorate  thesis.  Univ.  of  Clermont-Ferrand  11,  (in  French),  118  pp. 

Petrocchi,  P.J.  and  Paulsen,  W.H.  (1966)  Meteorological  significance  of  vertical  density  profiles 
of  clouds  and  precipitation  obtained  with  the  AN/TPQ-1 1  radar.  Preprints  12th  Radar 
Meteor.  Conf,  Norman,  Oklahoma.  Amer.  Meteor.  Soc.  467-472. 

Petterssen,  S.  (1939)  Some  aspects  of  formation  and  dissipation  of  fog.,  Geofys.  PubL  12:20-21. 


170 


Pettit.  K.G.  (1955)  The  characteristics  of  supercooled  clouds  during  Canadicui  icing  experiments. 
Proc.  Toronto  Conference. 

Phillips.  A.C.  and  Walker.  G.T.  (1932)  The  forms  of  stratified  clouds.  Quart.  J.  Roy.  Meteor.  Soc. 
58:23-30. 

Pickering.  W.H.  (1885)  Metheorol.  Z.  514.  (Historic  reference,  atmospheric  optics). 

Pierce.  E.T.  (1974)  Atmospheric  electricity-some  themes.  Bull.  Amer.  Meteor.  Soc.  55:1 186-1 194. 

Pilat.  M.J.  and  Charlson.  R.J.  (1966)  Theoretical  and  optical  studies  of  humidity  effects  on  the 
size  distribution  of  a  hygroscopic  aerosol.  J.  Rech.  Atmos.  August  issue.  165-170. 

Placzek.  G.  and  Teller,  E.  (1933)  Die  Rotationsstruktur  der  Ramanbanden  Mehratomiger 
Molekule,  Z.  Physik.  81:209. 

Plank,  V.G.  (1952)  Refractive  Properties  of  A&  Masses,  Rep.  No.  243,  U.S.  Navy  Electronics 
Laboratory,  San  Diego,  Ca. 

Plank,  V.G.  (I960)  Cumulus  convection  over  Florida  -  a  preliminary  report.  Proc.  First  Conf. 
on  Cumulus  Convection,  Portsmouth.  New  Hampshire.  Pergamon  Press.  109-1 18. 

Plank,  V.G.  (1965)  The  Cumulus  and  Meteorological  Events  of  the  Florida  Peninsula  During  a 
Particular  Summertime  Period,  Cloud  Refractive  Index  Studies  IIIA,  AFCRL-65-761,  ERP  No. 
151.  156pp.AD629933. 

Plank,  V.G.  (1969)  The  size  distribution  of  cumulus  clouds  in  representative  Florida  populations. 
J.  Appl.  Meteor.  8:46-67. 

Plank,  V.G.  (1974)  A  Photoreconnaissance  Technique  for  Conducting  Time-Lapse  Studies  of  the 
Development  and  Motions  of  Cumulus  Cloud  Populations  and  Systems,  AFCRL-TR-74-0250, 

AD  A005388.  ERP  No.  478.  70  pp. 

Plank,  V.G.  (1974)  A  Summary  of  the  Radar  Ek}uations  and  Measurement  Techniques  used  in  the 
SAMS  Rain  Erosion  Program  at  Wallops  Island,  Virginia,  AFCRL/SAMS  Report  No.  1, 
AFCRL-TR-74-0053.  Special  Report  No.  172.  108  pp,  AD778095. 

Plank,  V.G.  (1974)  Hydrometeor  Parameters  Determined  from  the  Radar  Data  of  the  SAMS  Rain 
Erosion  Program,  AFCRL/SAMS  Report  No.  2,  AFCRL-TR-74-0249,  AD  786454,  ERP  No.  477, 

86  pp. 

Plank.  V.G.  (1974)  Liquid-Water-Content  and  Hya.'orneteor  Size-Distribution  Information  for  the 
SAMS  Missile  Flights  of  the  1971-72  Season  at  Wallops  Island,  Virginia,  AFCRL  SAMS  Report 
No.  3.  AFCRL-TR-74-0296.  AD  A002370.  Special  Report  No.  178.  143  pp. 

Plank,  V.G.  (1977)  Hydrometeor  Data  and  Analytical-Theoretical  Investigations  Pertaining  to 
the  SAMS  Missile  Flights  of  the  1972-73  Season  at  Wallops  Island,  Virginia,  AFCRL/SAMS 
Report  No.  5.  AFGL-TR-77-0149.  AD  A051  192,  ERP  No.  603,  239  pp. 

Plank.  V.G.  (1987)  The  M-Meter  (particulate  mass  sensor  and  spectrometer).  Second  Airborne 
Science  Workshop,  Univ.  of  Miami.  Miami.  Florida.  Feb.  3-6,  1987,  171-173. 

Plank.  V.G.  and  Spatola,  A,  A.  (1976)  Observations  of  the  Natural  Dissipation  Of  Appalachian 
Valley  Fog,  AFGL-TR-76-0100.  AD  026510.  ERP  No.  558.  20  pp. 

Plank,  V.G.  and  Berthel,  R.O.  (1982)  A  Descriptive  Double-Truncated  Exponential  Model  for 
Hydrometeors  of  Precipitable  Size,  Extended  Abstracts:  Conference  on  Cloud  Physics,  Nov. 
15-18,  1982.  Chicago.  IL.  preprint  Vol.,  190-194.  AFGL-TR-82-0347.  AD  A122036. 

Plcmk,  V.G.  and  Berthel.  R.O.  (1983)  High  resolution  snow  and  rain  rate  measurements.  Fifth 
Symposium  on  Meteor.  Observations  and  Instrumentation,  Toronto,  Canada,  Apr.  11-15, 

1983.  AFGL-TR-83-0107.  AD  A128296.  27-33. 

Plemk,  V.G..  Atlas,  D.  and  Paulsen,  W.H.  (1955)  The  nature  and  detectability  of  clouds  and 
precipitation  as  determined  by  1.25  centimeter  radar,  J.  Meteor.  12:358-378. 


171 


Plank.  V.G..  Spatola,  A.A.  and  Johnson,  D.M.  (1978)  Values  of  Diffusion  Coefficients  Deduced 
from  the  Closing  Times  of  Helicopter-Produced  Clearings  in  Fog,  J.  Appl.  Meteor.  17,  AFGL- 
TR-78-0228.  1 190-1200,  AD  A059815. 

Plank,  V.G..  Berthel,  R.O.  and  Barnes,  A. A.  (198D)  An  Improved  Method  for  Obtaining  Water 
Content  Values  of  Ice  Hydrometeors  from  Aircraft  and  Radar  Data,  J.  Appl.  Meteor. 19: 1293- 
1299.  AFGL-TR-81-001 1.  AD  A094328. 

Plank,  V.G..  Berthel,  R.O.  and  Delgado,  L.V.  (1980)  The  Shape  of  Raindrop  Spectra  for  Different 
Situations  zmd  Averaging  Periods.  J.  Rech.  Atmos.  14:301-309,  AFGL-TR-8 1-0008, 

AD  A094877. 

Plank,  V.G..  Matthews,  A.J.  amd  Berthel,  R.O.  (1983)  Instruments  used  for  snow  characterization 
in  support  of  SNOW-ONE-A  and  SNOW-ONE-B,  Proc.  of  SPIE  Tech.  Symposium  Ekist  83, 

Session  "Optical  Engineering  for  Cold  Environments",  Sub-session  "Optical  Hardware  in 
the  Cold". 

Plank,  V.G..  Berthel,  R.O.  and  Main.  B.A.  (1983)  Snow  characterization  measurements  and  E/O 
correlations  obtained  during  SNOW-ONE-A  and  SNOW-ONE-B,  Proc.  of  SPIE  Tech. 

Symposium  Ekist  83,  Session  "Optical  Engineering  for  Cold  Environments",  Sub-session 
"Electro-Optical/Infrared  Systems  and  Effects". 

Plass,  G.N.  and  Kattawar,  G.W.  (1968)  Influence  of  single  scattering  albedo  on  reflected  and 
transmitted  light  from  clouds,  Appl.  Opt.  7:361-367. 

Plass,  G.N.  and  Kattawar,  G.W.  (1968)  Radiative  transfer  in  water  and  ice  clouds  in  the  visible  and 
Infrared  region,  Appl.  Opt.  10:738-749. 

Platt,  C.M.R.  (1970)  Tremsmission  of  submillimeter  waves  through  water  clouds  and  fog,  J. 

Atmos.  Set  27:421-425. 

Podzimek,  J.  (1968)  Aerodjmamic  conditions  of  ice  crystal  aggregation,  Proc.  Intern.  Conf, 

Cloud  Physics,  Toronto.  295-299. 

Po€y,  A.  (1873)  Nouvelle  classification  des  nuages  suivie  d'instructions  pour  sereir  d  I'observation 
des  nuages  et  courants  atmospheriques,  Paris,  Depot  des  Carles  et  Plans  de  la  Marine,  No.  513. 

Poeverlein,  H.  (1960)  Low  and  Very  Low  Frequency  Propagation,  Air  Force  Cambridge  Res.  Ctr. 
AFCRC-TR-60- 106. 

Poljackova,  E.A.  and  Tretjakov,  V.D.  (1960)  Visibility  in  falling  snow,  Trudy  Glavnaia 
Geofizicheskaya  Observatoriia,  Leningrad,  100:53-57.  (Transl.  TT63- 19744,  CFSTI.) 

Pollock,  J.A.  (1915)  A  new  type  of  ion  in  the  air,  PhU.  Mag.  29:636-646. 

Potter,  R.F.  and  Eisenmem,  W.L.  (1962)  Infrared  photodetectors:  a  review  of  operational  detectors, 
AppL  Opt  1:567. 

Poulter,  R.M.  (1937)  The  presentation  of  visibility  observations.  Quart.  J.  Roy.  Meteor.  Soc. 
63:31-45. 

Preining,  O.,  Stevenson.  H.J.R.  and  Goetz.  A.  (1959)  The  analysis  of  aerosol  spectra.  Preprint  59- 
42,  52nd  Annual  Air  Pollution  Control  Assoc.  Mtg.,  Los  Angeles,  29  pp. 

Presidential  address  delivered  at  the  new  York  meeting  of  the  Physical  Society,  February  19. 

1908. 

Prishivalko,  A.P.  and  Astafyeva,  L.G.  (1974)  Absorption,  scattering  and  extinction  of  light  by 
water-coated  atmospheric  particles,  Izu.  Acad.  Set  USSR,  Atmos.  Oceanic  Phys.  10:815-818. 

Pritchard,  B.S.  and  Elliott.  W.G.  (1960)  Two  instruments  for  atmospheric  optics  measurement. 

J.  Opt  Soc.  Amer.  50: 191. 


172 


Probert- Jones.  J.R.  (1962)  The  radar  equation  in  meteorology.  Quart.  J.  Roy.  Meteor.  Soc.  88: 
485-495. 

Probert -Jones,  J.R  (1984)  Resonance  component  of  backscatteiing  by  large  dielectric  spheres, 

J.  Opt  Soc.  Amer.  1:822. 

Pruppacher,  H.R.  and  Beard,  K.V.  (1970)  A  wind  tunnel  investigation  of  the  internal  circulation 
and  shape  of  water  drops  falling  at  terminal  velocity  in  air.  Quart.  J.  Roy.  Meteor.  Soc. 
96:247-256. 

Pruppacher,  H.R.  and  Pitter.  R.L.  (1971)  A  semi-empirical  determination  of  the  shape  of  cloud 
and  rain  drops,  J.  Atmos.  Set  28:86-94. 

Pruppacher.  H.R.  and  Klett,  J.D.  (1978)  Microphysics  of  Clouds  and  Precipitation,  Reidel. 

Dordrecht.  The  Netherlands,  also  Reidel.  Boston,  1980,  714  pp. 

Pshenai-Severln,  S.V.  (1954)  Raspredelenie  chastits  dispersnoi  sistemy  po  razmeram  (Size 
distribution  of  peirticles  of  disperse  systems).  DokL  AkacL  Nauk  SSSR,  94. 

Pueschel.  R.F.,  Cheu'lson,  R.J.  and  Ahlquist.  N.C.  (1969)  On  the  anomalous  deliquescence  of 
sea-spray  aerosols,  J.  Appl.  Meteor.  8:995-998. 

Pyaskovskaya-Fesenkova,  E.V.  (1957)  Light  Scattering  in  the  Earth's  Atmosphere.  Acad,  of 
Sciences  Press. 

Quayle.  R.G.,  Meserve,  J.M.  and  Crutcher,  H.L.  (1966)  Climatological  mean  probability  of 
penetrable  optical  path,  Dist.  by  NOAA,  Asheville,  NC. 

Radke,  L.F.,  Hegg.  D.A..  D/ons,  J.H.  ,  Brock.  C.A.  and  Hobbs,  P.V.  (1988)  Airborne  measurements 
on  smokes  from  biomass  burning.  Aerosols  and  Climate.  Deepak  Publishing,  Hampton.  VA.. 
411-422. 

Rado,  G.T.  (1945)  Measurements  of  the  Attenuation  of  K-Band  Waves  by  Rain,  MIT  Radiation  Lab 
Rep.  No.  603.  23  pp. 

Ramachandran.  G.N.  (1943)  The  theory  of  coronae  and  of  iridescent  clouds.  Proc.  IncL  Acad.  Set 
17:202-218. 

Raman,  C.V.  (1922)  Molecular  Diffraction  of  Light  Univ.  of  Calcutta  Press. 

Raman.  C.V.  (1922)  Nature.  Jan.  19.  p.  75. 

Raman.  C.V.  (1922)  Proc.  Roy.  Soc.  101:64. 

Rameina  Murty.  Bh.  V.  and  Gupta,  S.c.  (1959)  Precipitation  characteristics  based  on  raindrop  Size 
measurements  at  Delhi  and  Khandala  during  southwest  monsoon,  J.  ScL  Industr.  Res. 
18A:352. 

Rank,  D.H.  and  Shearer.  J.N.  (1954)  Index  of  refraction  of  air  in  the  infrared,  J.Opt.  Soc.  Amer. 
44:575. 

Ranz,  W.E.  and  Wong,  J.B.  (1952)  Impaction  of  dust  and  smoke  particles  on  surface  and  body 
collectors,  Industr.  and  Eng.  Cnem.  44:1371. 

Rapp,  R.R  Schutz,  C.  and  Ronriques,  E.  (1973)  Cloud-free  line-of-sight  calculations,  J.  Appl. 
Meteor,  12:484-493. 

Rasmussen.  R.M.  and  Pruppacher.  H.R.  (1982)  A  wind  tunnel  and  theoretical  study  of  the  melting 
behavior  of  atmospheric  ice  particles,  part  I:  a  wind  tunnel  study  of  frozen  drops  of  radius 
<500  pm.  J.  Atmos.  ScL  39: 152-158. 


173 


Rasmussen.  R.M..  LevizzanI,  V.  and  Pruppacher.  H.R.  (1984)  A  wind  tunnel  and  theoretical 
study  of  the  melting  behavior  of  atmospheric  ice  particles,  part  ii:  a  theoretical  study  for 
frozen  drops  of  radius  <500  pm.  J.  Atmos.  Set  41:374-380. 

Rasmussen.  R.M..  Levizzani,  V.  and  Pruppacher.  H.R.  (1984)  A  wind  tunnel  and  theoretical  study 
of  the  melting  behavior  of  atmospheric  ice  particles,  part  III;  experiment  and  theory  for 
spherical  ice  particles  of  radius  >500pm.  J.  Atmos.  Set  41:381-388. 

Rasmussen,  R.M.,  Walcek,  C.,  Pruppacher,  H.R..  Mitra.  S.K..  Lew,  J.,  Levizzani.  V..  Wemg.  P.K. 
and  Barth,  U.  (1985)  A  wind  tunnel  investigation  of  the  effects  of  an  external  electric  field 
on  the  shape  of  electrically  uncharged  raindrops.  J.  Atmos.  Set  42:1647-1652. 

Rau.  W.  (1954)  Gefrierkerngehalt  und  gefrierkemspektrum  des  naturlichen  aerosols.  Met. 

Rund.  7:59-64. 

Ray.  P.S.  (1972)  Broadbemd  complex  refractive  indices  of  ice  and  water.  AppL  Opt.  11:1836-1844. 

Remsberg,  E.E.  (1973)  Stratospheric  aerosols  properties  and  their  effect  on  infrared  radiation, 

J.  Geophys.  Res.  78:1401-1408. 

Reuter,  G.W.  (1986)  A  historical  review  of  cumulus  entrainment  studies.  Bull.  Amer.  Meteor. 

Soc.  67:151-154. 

Rice,  D.P.  and  Ade,  P.A.R.  (1979)  Absolute  measurements  of  the  atmospheric  transparency  at 
short  millimeter  wavelengths.  Infrared  Phys.  19:575. 

Richards.  C.N.  and  Dawson.  G.A.  (1971)  The  hydrodynamic  instability  of  water  drops  falling  at 
terminal  velocity  in  vertical  electric  fields.  J.  Geophys.  Res.  76:3445-3455. 

Richardson.  L.F.  (1919)  Measurements  of  water  in  clouds.  Proc.  Roy.  Soc.  London.  A,  96:19-31. 

Rigby.  E.C..  Marshall,  J.S.  and  Hitschfeld,  W.  (1954)  The  development  of  the  size  distribution  of 
raindrops  during  their  fall,  J.  Meteor.  11:362-372. 

Rihaczek,  A.W.  (1969)  Principles  of  High  Resolution  Radar,  McGraw-Hill. 

Robbiani.  R.L.  (1965)  High-performance  weather  radar,  IEEE  Trans.  Aerosp.  Electron.  Syst. 
AES-1: 185- 192. 

Roberts.  O.F.T.  (1923)  The  theoretical  scattering  of  smoke  in  a  turbulent  atmosphere.  Proc.  Roy. 
Soc.  104:640-654. 

Rodebush,  W.H.  (1954)  The  vapor  pressure  of  small  drops.  Proc.  Natl.  Acad,  of  Set  40:789-794. 

Rogers.  R.R.  (1976)  A  Short  Course  in  Cloud  Physics,  Pergamon  Press,  224  pp. 

Rogers.  R.R.  (1984)  A  review  of  multiparameter  radetr  observations  of  precipitations.  Radio 
Set  19:23-36. 

Rogers.  T.F.  (1951)  Factors  Affecting  the  Width  and  Shape  of  Atmospheric  Microwave  Absorption 
Lines,  Rep.  E  5078.  Air  Force  Cambridge  Res.  Ctr. 

Roggenkamp,  F.  (1933)  Die  neutralen  Punkte  von  Arago  und  Babinet  in  Munster  in  den  Jahren 
1910  bis  1925.  Meteor.  Zs.  50;  1 1 1. 

Rooth,  C.  (1957)  On  a  special  aspect  of  the  condensation  process  and  its  importance  in  the 
treatment  of  cloud  particle  growth,  Tellus.  9:372-377. 

Rose,  A.  (1948)  The  sensitivity  performance  of  the  human  eye  on  an  absolute  scale,  J.  Opt.  Soc. 
Amer.  38. 

Rosenberg,  G.V.  (1946)  Peculiarities  of  the  polarization  of  light  scattered  by  the  atmosphere 
under  conditions  of  twilight  illumination.  Dissertation.  Moscow. 

Rosenberg,  G.V.  (1949)  Tr  Geofiz  In-Ta  Akad.  Nauk  SSSR  (Trans.  Geophys.  Inst.  U.S.S.R.  Acad. 
Scl.),  No.  12.  35. 


174 


Rosenberg,  G.V.  (1954)  Some  questions  of  the  propagation  of  electromagnetic  wanes  in  turbid 
media.  Dissertation.  Moscow. 

Rosenberg.  G.V.  (1959)  The  anatomy  of  sunrise.  ConJ.  on  Actinometry  and  Atmospheric  Optics, 
Leningrad. 

Rosenberg.  G.V.  (1960)  Light  scattering  in  the  earth's  atmosphere.  Sou.  Phys.  UspekhL  Amer. 

Inst.  Phys.  Trans.  3:346. 

Rosenberg,  G.V.  (1966)  Twilight,  a  Study  in  Atmospheric  Optics,  Plenum  Press,  New  York. 

(trans.  from  Russian). 

Rosinski,  J.,  Nagamoto,  C.T..  Longer,  G.  and  Parungo.  F.  (1970)  Cirrus  clouds  as  collectors  of 
aerosol  particles.  J.  Geophys.  Res.  75:2961-2973. 

Rosinski,  J.,  Nagamoto,  C.T.  and  Longer,  G.  (1983)  The  distribution  of  fall  speeds  and  masses  of 
ice  particles  in  snowstorms,  J.  Rech.  Atmos.  17:107-120. 

Rowell,  R.L.,  Aval,  G.M.  and  Barrett.  J.J.  (1971)  Rayleigh -Raman  depolarization  of  laser  light 
scattered  by  gases,  J.  Chem.  Phys.  54:1960-1964. 

Rubin,  M.  (1952)  Liquid  particles  in  atmospheric  haze.  J.  Atmos.  Terr.  Phys.  2. 

Runge.  H.  (1933)  Reihenformiges  auftreten  von  acu-cast  und  acu-lent.  Meteor.  Z. 

Ryan,  R.T..  Blau,  H.,  Jr.,  Von  Thuma,  P  C..  Cohen.  M.L.  and  Roberts,  G.D.  (1972)  Cloud 

microstructure  as  determined  by  an  optical  cloud  particle  spectrometer.  J.  Appl.  Meteor. 
11:149-156. 

Ryde,  J.W.  (1941)  Echo  Intensities  and  Attenuation  Due  to  Clouds,  Rain,  Hail,  Sand  and  Dust 
Storms,  Rep.  No.  7831,  GE  Res.  Lab..  Wembley.  England.  48  pp. 

Ryde.  J.W.  (1946)  Meteorological  Factors  in  Radio  Wane  Propagation,  The  Physical  Soc.,  London. 

Ryde,  J.W.  (1946)  Attenuation  of  centimenter  radio  waves  and  the  echo  intensities  resulting  from 
atmospheric  phenomena,  IEEE,  J.  Pt  3A.  93:101-103. 

Ryde.  J.W.  (1946)  The  attenuation  and  radar  echoes  produced  at  centimetre  wavelengths  by 
various  meteorological  phenomena.  Meteorological  Factors  in  Radio  Wave  Propagation, 
Physical  Soc..  London.  169-188. 

Ryde.  J.W.  (1946)  Echo  Intensities  and  Attenuation  Due  to  Clouds.  Rain,  Hail,  Sand  and  Dust 
Storms  at  Centimetre  Wavelengths,  GEC  Rep.  No.  7831.  October  1941.  also  GEC  Rep.  No. 

8516.  August  1944  by  J.W.  Ryde  and  D.  Ryde.  corrections. 

Ryde,  J.W.  and  Ryde,  D.  (1944)  A  number  of  algebraic  mistakes  in  Appendix  1  of  Rep.  No.  7831  are 
corrected  in  GEC  Rep.  No.  8516. 

Ryde.  J.W.  and  Ryde.  D.  (1944)  Attenuation  of  Centimetric  Waves  by  Rain,  Hail  and  Clouds,  Rep. 
8516.  GE  Res.  Lab.,  Wembley.  Englemd.  25  pp. 

Ryde.  J.W.  and  Ryde.  D.  (1945)  Attenuation  of  Centimetre  and  Millimetre  Waves  by  Rain  Hail. 

Fogs  and  Clouds.  Rep.  8670,  GE  REs.  Lab..  Wembley.  England,  39  pp. 

Salles,  E.  (1943)  Les  noyaux  de  condensation  dans  Talmosphere.  Leur  nature.  Meteorologie.  t. 
VI:23-36. 

Sander,  J.  (1975)  Rain  attenuation  of  millimeter  waves  at  X  =  5.77,  3.3  and  2  mm,  IEEE  Trans. 
Ant.  and  Propagat.  AP-23:2 13-220. 

Sartor.  J.D.  (1957)  The  force  emd  electric  field  between  cloud  drops  in  a  unif'  -.  ’rrtric  field. 
TYans.  Amer.  Geophys.  Union.  38:405. 

Sartor,  J.D.  (1973)  The  electrification  of  thunderstorms  and  the  formation  of  precipitation. 
Naturewissenschaften.  60: 19-3 1 . 


175 


Sartor,  J.D.,  Miller.  A..  Abbott.  C.  and  Atkinson.  W.  (1969)  Evanescent  electric  glow  of  raindrops, 
Dateline  in  Science.  4:8-9. 

Sassen.  K.  eind  Horel,  J.D.  (1990)  Polcirization  lidair  and  synoptic  analyses  of  an  unusual  volcanic 
aerosol  cloud,  J.  Atmos.  Set  47:2881-2889. 

Sassen.  K..  Liou,  K.N.,  Kinne,  S.  and  GrlfTin,  M.  (1985)  Highly  supercooled  cirrus  cloud  water: 
confirmation  and  climate  implications.  Sdence.  227:411-413. 

Saunders,  M.J.  (1970)  Near-field  backscattering  measurements  from  a  microscopic  water 
droplet.  J.  Opt.  Soc.  Amer.  60:1359-1365. 

Saxton,  J.  (1949)  Tables  oj  scattering  Junctions  for  spherical  particles,  Appl.  Mathematics. 

Ser.  No.  4.  NBS. 

Saxton.  J.A.  and  Lane,  J.A.  (1946)  Meteorological  Factors  in  Radio  Wave  Propagation,  The 
Physical  Soc.,  London. 

Sayeli,  A.M.  (1939)  (Discusses  contributions  of  ancient  Greeks  to  atmospheric  optics). 

Isis.  30:65-83. 

Schaaf,  J.B.  and  Williams.  D.  (1973)  Optical  constants  of  ice  in  the  infrared,  J.  Opt.  Soc.  Amer. 
63:726-732. 

Schade,  O.H..  Sr.  (1954)  A  new  system  oJ  measuring  and  specifying  image  definition,  Natl. 

Bureau  of  Stemdards  Circular  526,  231-258. 

Schaefer.  V.J.  (1945)  Demountable  Rotating  Multicylinders  for  Measuring  Liquid  Water  Content 
and  Particle  Size  of  Clouds  in  Above  and  Below  Freezing  Temperatures.  Gen.  Elec.  Res.  Lab., 
Contract  No.  W-33-038-ac-9l51.  Schenectady.  NY. 

Schaefer,  V.J.  (1946)  Amount  of  Water  in  Summer  Clouds  at  the  Mount  Washington  Summit,  Gen. 
Elec.  Corp..  Schenectady.  NY. 

Schaefer,  V.J.  (1946)  The  production  of  ice  crystals  in  a  cloud  of  supercooled  water  droplets. 
Science.  104:457-459. 

Schaefer,  V.J.  (1955)  The  question  of  meteoritic  dust  in  the  atmosphere.  Proc.  1st  Conf.  on  the 
Phys.  of  Cloud  and  Precip.  Particles.  Woods  Hole  Ocean.  Inst.,  Woods  Hole.  Mass.,  18-23. 

Schaller,  R.C..  Cohan,  I.D..  Barnes,  A.  A.  and  Gibbons.  L.C.  (1982)  A  Survey  of  Melting-Layer 
Research,  Air  Force  Geophys.  Lab.  Tech.  Rep.  TR-82-0007,  AD  A1 15224,  102  pp. 

Schereschewsky,  P.L.  (1945)  Clouds  and  states  of  the  sky.  Handbook  of  Meteorology,  McGraw- 
Hill,  882. 

Schleusener,  S.A.  (1968)  Automatic  high-speed  particle  sizing  using  a  laser.  Rev.  ScL  Instr. 
39:1916-1919. 

Schmauss,  A.  (1918)  Randbemerkungen  I.  Meteor.  Z.  35:185,  also,  (1921)  Randbemerkungen  11, 
Meteor.  Z.  38:225. 

Schmauss,  A.  and  Wigand.  A.  (1929)  Die  atmosphare  als  kolloid,  F.  Vieweg.  Braunschweig. 

Schmidt,  W.  (1908)  Zur  erklarung  der  gesetzmassigen  verteilung  der  tropfengrossen  bei 
regenfailen.  Meteor.  Z.  25:496-500. 

Schmidt,  W.  (1909)  Sitzungsber.  der  Akad.  d.  Wissenschaften  in  Wien.  Bd.  1 18  II  a  und  auch 
Meteor.  Z.  S.  183. 

Schmidt,  W.  (1913)  Die  gestalt  fallender  wassertropfen.  Meteor.  Z.  30:456-457. 

Schmolinsky,  F.  (1944)  Die  wellenl&ngenabhangigkeit  der  sichtweite  und  des  koeffizienten  d^’r 
dunstextinktion.  Meteor.  Z.  61:199-203. 


176 


Schotland,  R.M.  (1955)  The  collision  efficiency  of  cloud  droplets.  Proc.  Isl  ConJ.  on  the  Phys. 
of  Cloud  and  Precip.  Particles.  Woods  Hole  Ocean.  Inst.,  Woods  Hole.  Mass..  170-176. 

Schuertnan,  D.W.  (ed.)  (1980)  Light  Scattering  by  Irregularly  Shaped  Particles.  Plenum  Press. 

New  York. 

Schum2inn,  (1940)  Theoretical  aspects  of  the  size  distribution  of  fog  particles.  Quart.  J.  Roy. 
Meteor.  Soc.  66:195-207. 

Schuster.  A.  (1903)  Phil  Mag.  5:243. 

Schuster,  A.  (1905)  Radiation  through  a  foggy  atmosphere.  Astrophys.  J.  21:1-22. 

Schuster.  B.  (1970)  Detection  of  tropospheric  and  stratospheric  aerosol  layers  by  optical  radar 
(lidar).  J.  Geophys.  Res.  75:3123-3132. 

Schwab,  A.  (1987)  Looking  out  for  one  another,  AOPA  PiloL  61-65.  (August  issue). 

Schwerdtfeger.  W.  (1938)  Wasserglorien  und  e.3glor1en.  Meteor.  Z.  55:313-317. 

Scott,  N.A.  and  Chedin,  A.  (1981)  A  fast  line-by-line  method  for  atmospheric  absorption 
computations:  the  automatized  absorption  atlas.  J.  AppL  Meteor.  20:802-812. 

Scrase.  F.J.  (1938)  Electricity  on  rain.  Geophys.  Mem.  9. 

Seagraves,  M.A.  (1983)  Visible  and  infrared  extinction  and  precipitation  rate  in  falling  snow, 
Opt.  Eng.  for  Cold  Environments,  Proc.  Soc.  Photo-Optical  Inst.  Eng.  414:78. 

Seagraves,  M.A.  (1984)  Precipitation  rate  and  extinction  in  falling  snow,  J.  Atmos.  Set  41:1827- 
1835. 

Seagraves.  M.A.  (1986)  Visible  and  infrared  extinction  in  falling  snow,  App.  Opt.  25:1 166-1 169. 

Seagraves,  M.A.  and  Ebersole,  J.F.  (1983)  Visible  and  infreu'ed  transmission  through  snow.  Opt. 
Eng.  '22:90-93. 

Sears,  F.W.  (1949)  Optics,  Addison- Wesley  Press,  Inc.,  Cambridge.  Mass.,  369  pp. 

Seaton.  MacKenzie,  Kohls  and  Cronin  (1953)  Difference  between  morning  and  evening 
twilight  intensity  in  the  zenith.  Phys.  Rev. 

Sekera,  Z.  (1957)  Light  scattering  in  the  atmosphere  and  the  polarization  of  sky  light.  J.  Opt. 
Soc.  Amer.  47:484-490. 

Sekl'on,  R.S.  and  Srivastava,  R.C.  (1970)  Snow  size  spectra  and  radar  reflectivity,  J.  Atmos. 

ScL  27:299-307. 

Selby,  J.E.A.  and  McClatchey,  R.A.  (1972)  Atmospheric  Transmittance  from  0.25  to  28.5  pm: 
Computer  Code  LOWTRAN  2.AFCRL  72-0745.  AD  76372 1 . 

Selby,  J.E.A.  and  McClatchey.  R.A.  (1975)  Atmospheric  Transmittance  from  0.25  to  28.5  pm: 
Computer  Code  LOWTRAN  3.  AFCRL  TR-75-0255,  AD  017734. 

Selby,  J.E.A.,  Shettle,  E.P.  and  McClatchey.  R.A.  (1976)  Atmospheric  Transmittance  from  0.25 
to  28.5  pm:  Supplement  LOWTRAN  3B,  AFCRL  1^-76-0258.  AD  04070 1 . 

Selby,  J.E.A.,  Kneizys,  F.X.,  Chetwynd,  J.H.,  Jr.  and  McClatchey,  R.A.  (1978)  Atmospheric 
Transmittance/ Radiance:  Computer  Code  LOWTRAN  4.  AFGL  TR-078-0053.  AD  A058643. 

Selezneva,  E.S.  (1945)  O  yadrakh  kondensatsii  v  atmosfere  (Condensation  nuclei  in  the 
atmosphere).  Trudy  NIU  GUGMS.  seriya  1.  No.  7. 

Selezneva,  E.S.  (1948)  Mikrostruktura  oblakov  (The  microstructure  of  clouds).  Meteorologiya 
i  Gidrologiya,  No.  2. 

Sergeeva,  A.P.  (1959)  Ob  elektricheskikh  zaiyadakh  oblachnykh  chastits  (Electric  charge 
of  cloud  particles).  Izv.  Akad.  Nauk  SSSR.  Geophys.  ser..  No.  7. 


177 


Shallenberger,  G.D.  and  Little,  E.M.  (1940)  Visibility  through  haze  and  smoke  and  a  visibility 
meter,  J.  Opt.  Soc.  Amer.  30:168-176. 

Shedd,  J.C.  (1919)  The  evolution  of  the  snow  crystal.  Mon.  Wea.  Rev.  (Wash).  47:691-694. 

Shettle.  E.P.  and  Weinman,  J.A.  (1970)  The  transfer  of  solar  radiance  through  inhomogeneous 
turbid  atmospheres  evaluated  by  Eddington’s  approximation.  J.  Atmos.  ScL  27:1048-1055. 

Shettle,  E.P.  and  Fenn,  R.W.  (1979)  Models  of  the  Aerosols  oj  the  Lower  Atmosphere  and  the 
Effects  of  Hwnidity  Variations  on  their  Optical  Properties.  AFGL  TR-79-02 14.  AD  A08595 1 . 

Shifrin,  K.S.  (1951)  Scattering  of  light  in  a  twbid  medium,  Gostekhizdat. 

Shifrin,  K.S.and  Pyatovskaya,  N.P.  (1959)  Tables  of  the  oblique  range  of  visibility  and  the 
brightness  of  the  daytime  sky.  Gidrometizdat. 

Shiotsuki,  Y.  (1974)  On  the  flat  size  distribution  of  drops  from  convective  rainclouds,  J.  Meteor. 
Soc.  Japan.  52:42-59. 

Shipley.  S.T.  and  Weinman.  J.A.  (1978)  A  numerical  study  of  scattering  by  large  dielectric 
spheres.  J.  Opt.  Soc.  Amer.  68;  130-134. 

Shivihkin,  N.S.  (1951)  O  vlazhnosti  vozdukha  i  soderzhanii  zhidkoi  vody  v  kuchevykh  oblakakh 
(Air  humidity  and  liquid  water  content  of  cumulus  clouds).  Meteorologiya  i  Gidrologiya, 

No.  7. 

Shuleikin,  V.V.  (1922)  News  of  the  Institute  of  Physics  and  Biophysics,  119. 

Siedentopf.  H.  and  Wis.shak.  F.  (1948)  Szintillation  der  strahlung  terrestrischer  lichtquellen  und 
ihr  gang  mid  der  tageszeit.  Optik.  3:430-443. 

Siegert,  A.J.F.  and  Goldstein,  H.  (1951)  Coherent  and  incoherent  scattering  from  assemblies  of 
scatterers.  Propagation  of  Short  Radio  Waves.  McGraw-Hill,  New  York.  13:Appendix  B.  699- 
706. 

Silverman.  B.A.  and  Sprague,  E.D.  (1970)  Airborne  measurements  of  In-cloud  visibility,  Natl 
Conf.  on  Weather  Modification  of  the  Amer.  Meteor.  Soc.,  Santa  Barbara,  Ca.,  6-9  April. 

Simpson.  G.C.  (1912)  Coronae  and  iridescent  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  38:291-301. 

Simpson,  J.  (1972)  Use  of  the  geunma  distribution  in  single  cloud  rainfall  analysis.  Mon.  Wea. 
Rev.  100:309-312. 

Simpson,  J.  (1976)  Precipitation  augmentation  from  cumulus  clouds  and  systems:  scientific  and 
technological  foundations,  1975,  In  Advances  in  Geophysics  Ed.  by  H.E.  Landsberg  and  J. 

Van  Mieghem,  19  Academic  Press,  1-72. 

Simpson,  J.,  Ackerman,  B.,  Betts,  A.  McCarthy.  J.,  Newton,  C.,  Orville.  H.,  Ruskin,  R.,  Sax,  R., 
Warner.  J.  and  Weickmann,  H.  (1974)  Achievements  and  expectations  in  cloud  physics.  Bull. 
Amer.  Meteor.  Soc.  55:556-572. 

Sinclair,  D.  (1947)  Light  scattering  by  spherical  particles.  J.  Opt.  Soc.  Amer.  37:475-480. 

Sivaramakrishnan,  M.V.  (1960)  The  relation  between  raindrop-size  distribution,  rate  of  rainfall 
and  the  electrical  charge  carried  down  by  rain  in  the  tropics.  Ind.  J.  Meteor,  and  Geophys. 
11:258-268. 

Sivaramakrishnan,  M.V.  (1961)  Studies  of  raindrop  size  characteristics  in  different  types  of 
tropical  rain  using  a  simple  raindrop  recorder,  Indian  J.  Meteor.  Geophys.  12:189. 

Smirnov,  V.l.  (1987)  Fluctuations  in  size  spectra  of  cloud  droplets  during  harmonic  fluctuations 
in  vertical  velocity  of  the  medium.  Izvestiyu,  Atmos,  and  Oceanic  Phys.  23:(No.  7),  562-568. 

Smith,  C.J.  (1986)  The  reduction  of  errors  caused  by  bright  bands  in  quantitative  rainfall 
measurements  made  using  radar,  J.  Atmos.  Oceanic  Technol.  3:129-141. 


178 


Smith,  Dube,  D.B.,  Gardner,  M.E.,  Clough,  S.A..  Kneizys,  F.X.  and  Rothman,  L.S.,  (1978) 

FASCODE-Fast  Atmospheric  Signature  Code  (Spectral  Transmittance  and  Radiance). 

AFGL  TR-78-(X)8 1 ,  AD  A057359. 

Smith,  P.L.  eind  Laco,  C.P.  (1978)  Techniques  for  fitting  size  distribution  functions  to  observed 
peurticle  size  data.  Preprints  18th  Conf.  on  Radar  Meteorology,  Atlanta,  Ga..  28-31  March 
1978,  129-133. 

Sneider,  D.E.  (1975)  Refractive  effects  in  remote  sensing  of  the  atmosphere  with  infrared 
transmission  spectroscopy,  J.  Atmos.  Set  32:2178-2184. 

Snow,  J.W.,  ed.  (1988)  Elxecutiue  summary  of  the  cloud  impacts  on  DOD  operations  and  systems 
1988  workshop  (CIDOS-88),  Air  Force  Geophys.  Lab..  Hanscom  AFB,  Mass.  (Hampton,  Va.. 
Science  and  Technology  Corp.,  1988).  (UG  467.  C554. 1988). 

Sokolov,  A,V.  (1970)  Attenuation  of  visible  and  Infrared  radiation  in  rain  and  snow.  Rad. 

Eng.  and  Elec.  Phys.  15:2175-2178. 

Sokolov.  H.V.  and  Sukhonin,  Ye.  V.  (1970)  Attenuation  of  submillimeter  radio  waves  in  rain. 
Radio  Eng.  and  Elec.  Physics.  15:2167-2171. 

Sola,  M.C.  and  Bergeman,  R.J.  (1977)  Optical  propagation  through  turbulence,  rain  and  fog.  Tech. 
Digest.  Opt.  Soc.  Amer. 

Sola,  M.C.  and  Bergeman.  R.J.  (1977)  Multi-spectral  propagation  measurement  through  snow.  In 
Tech.  Digest,  Topical  Meeting  on  Opt.  Propagation  Through  Turbulence.  Rain  and  Fog.  Opt. 

Soc.  Amer. 

Somerville,  P.N..  Bean,  S.J.  and  Falls,  S.  (1979)  Some  Models  for  Visibility,  AFGL-TR-79-0144. 

AD  A075490. 

Soret.  J.L.  (1888)  Ann.  Chim.  Phys.,  503.  (Historic  reference,  atmospheric  optics). 

Soret,  J.L.  (1888)  Arch.  Sci.  Phys.  et  Natur.  20:439.  (Historic  reference,  atmospheric  optics). 

Soulage,  G.  (1954)  Sur  les  noyaux  de  congelation  dans  I'atmopshere,  C.R.  Acad.  ScL  239:74-76. 

Spatola,  A.  A.  (1972)  Climatology  of  Appalachian  Valley  Fog  at  White  Sulphur  Springs,  West 
Virginia,  and  nearby  Stations  During  Months  of  Peak  Fog  Frequency.  AFCRL-72-0054,  AD 
741756,  ERP  No.  382,  41  pp. 

Spilhaus,  A.F.  (1948)  Raindrop  size,  shape  and  falling  speed,  J.  Meteor.  5:108-1 10. 

Spilhaus,  A.F.  (1948)  Drop  size  intensity  cUid  radar  echo  of  rain,  J.  Meteor.  5.161-164. 

Spilhaus,  A.F.  (1948)  Raindrop  size,  shape  and  falling  speed.  J.  Meteor.  5:541-546. 

Spring,  W.  (1898)  Bull.  I'Acad.  Bruxelles,  504.  (Historic  reference,  atmospheric  optics). 

Squires,  P.  (1952)  The  growth  of  cloud  drops  by  condensation,  pt  1;  general  cheiracteristics, 

Austr.  J.  ScL  Res.  5:59-86. 

Squires,  P.  (1952)  The  growth  of  cloud  drops  by  condensation,  pt  11:  the  formation  of  large  cloud 
drops,  Austr.  J.  ScL  Res.  5:473-499. 

Squires,  P.  (1958)  The  microstructure  and  colloidal  stability  of  warm  clouds,  part  1:  the  relation 
between  structure  and  stability,  Tellus.  10:256-262. 

Squires.  P.  (1958)  The  spatial  variation  of  liquid  water  and  droplet  concentration  in  cumuli, 
Teaus.  10:372-379. 

Squires,  P.  and  Gillespie.  C.A.  (1952)  A  cloud-droplet  sampler  for  use  on  aircraft.  Quart.  J.  Roy. 
Meteor.  Soc.  78:387-393. 


179 


Squires.  P.  and  Twomey.  S.  (I960)  The  relation  between  cloud  droplet  spectra  and  the  spectrum  of 
cloud  nuclei.  Proc.  Cloud  Phys.  Conf.,  Woods  Hole.  Mass.,  Amer,  Geophys.  Union,  Geophys. 
Mono  No.  5.  211-219. 

Squires,  P.  and  Twomey,  S.  (1960)  The  relation  between  cloud  droplet  spectra  and  the  spectrum 
of  cloud  nuclei.  Physics  of  Precipitation,  Geophys.  Monogr.  No.  5.  Amer.  Geophys.  Union. 
211-219. 

Srivastava.  RC.  (1967)  On  the  role  of  coalescence  between  raindrops  in  shaping  their  size 
distribution,  J.  Atmos.  Set  24:287-292. 

Srivastava,  RC.  (1971)  Size  distribution  of  raindrops  generated  by  their  breakup  and  coalescence, 
J.  Atmos.  Set  28:4 10. 

Srivastava,  RC.  and  Kapoor.  RK.  (1961)  Thunderstorm  rain  vs.  steady  precipitation  from  layer 
type  clouds,  as  judged  by  study  of  raindrop  sizes.  Ind.  J.  of  Meteor,  and  Geophys.  12:93-102. 

Stahl,  H.P..  Tomasko,  M.G..  Wolfe,  W.L.,  Castillo.  N.D.  and  Stahl,  K.A.  (1983)  Measurements  of  the 
light  scattering  properties  of  water  ice  crystals.  Topical  Meetings,  Meteorological  Optics.  Opt. 
Soc.  Amer.,  Lake  Tahoe,  CA. 

Stamnes,  K.  (1986)  The  theory  of  multiple  scattering  of  radiation  in  plane  parallel  atmospheres. 
Rev.  Geophys.  24:299. 

Stamnes,  K..  Tsay,  S.-C.  and  Nakajima,  T.  (1988)  Computation  of  eigenvalues  and  eigenvectors  for 
discrete  ordinate  and  matrix  operator  method  radiative  transfer.  J.  Quant.  Spectrosc. 

Radiat.  Transfer. 

Stcimnes,  K,  Tsay.  S.-C.,  Wiscombe.  W.  and  Jayaweera.  K.  (1988)  Numerically  stable  algorithm  for 
discrete-ordinate-method  radiative  transfer  in  multiple  scattering  and  emitting  layered 
media.  AppL  Opt.  27:2502-2509. 

Steedman,  W.  and  Backer,  C.  (1960)  Target  size  and  visual  recognition.  Human  Factors,  2. 

Steiner,  M.  and  Waldvogel,  A.  (1987)  Peaks  in  raindrop  size  distributions.  J.  Atmos.  ScL 
44:3127-3133. 

Stergis,  C.G.  and  Coroniti.  S.C.  (1952)  On  the  lifetime  of  atmospheric  ions.  Amer.  Geophys. 

Union,  Washington.  D.C. 

Stewart,  D.A.  (1977)  Infrared  and  Submillimeter  Extinction  by  Fog.  TR-77-9.  U  S.  Army 
Missile  Res.  and  Development.  Redstone  Arsenal.  Alabama. 

Stewart,  D.A.  and  Essenwanger,  O.M.  (1982)  A  survey  of  fog  and  related  optical  propagation 
characteristics,  Geophys.  Space  Phys.  20:481-495. 

Stewart,  R.E..  Marwitz,  J.D.  and  Pace.  J.C.  (1984)  Characteristics  through  the  melting  layer  of 
stratiform  clouds,  J.  Atmos.  Set  32:237-273. 

Stiles,  W.S.,  Bennett,  M.G.  zind  Green,  H.N.  ( 1937)  Visibility  of  Light  Signals  With  Special  Reference 
to  Aviation  Lights,  Aer.  Res.  Comm.  Rep.  and  Mem..  No.  1793,  London. 

Stokes.  Sir  G.G.  (1849)  On  the  dynamical  theory  of  diffraction,  Cambridge  Phil.  Trans.  XI.  P.  1. 
(Historic  reference,  atmospheric  optics). 

Stokes,  Sir  G.G.  (1852)  On  the  change  of  refrangibility  of  light.  Trans.  Cambridge  Phil.  Soc.  9. 

Stommel,  H.  (1947)  Entrainment  of  air  into  a  cumulus  cloud.  J.  Meteor.  4:91-94. 

Stommel,  H.  (1951)  Entrainment  of  air  into  a  cumulus  cloud.  II,  J.  Meteor.  8:127-129. 

Stone,  R.G.  (1936)  Fog  in  the  United  States  and  adjacent  regions,  Geogr.  Rev.  26: 1  1  1-134. 

Strapp,  J.W.  and  Schemenauer,  R.S.  (1982)  Calibrations  of  Johnson-Williams  liquid  water 
content  meters  in  a  high  speed  icing  tunnel.  J.  Appl.  Meteor.  21:98-108. 


180 


Stratton.  J.A.  and  Houghton.  H.G.  (1931)  A  theoretical  investigation  of  the  transmission  of 
light  through  fog,  Phys.  Rev.  38;  159- 165. 

Stratton.  J.A,  (1941)  Electromagnetic  Theory.  McGraw-Hill.  563  pp. 

Strohnbehn,  J.W.  (1968)  Line  of  sight  wave  propagation  through  the  turbulent  atmosphere. 

Proc.  IEEE.  56:1301. 

Strutt.  J.W.  (Lord  Rayleigh)  (1871)  On  the  light  from  the  sk\',  its  polarizalion  and  color, 

Pha.  Mag.  41:107-120,  274-279. 

Strutt,  J.W.  (Lord  Rayleigh)  (1871)  On  the  scattering  of  light  by  small  particles.  Phil. 

Mag.  41:447-452.  Also.  Sci.  Papers.  1.  87.  (Historic  reference,  atmospheric  optics/turbidity). 

Strutt,  J.W.  (Lord  Rayleigh)  (1879)  The  effect  of  electricity  on  colliding  water  drops.  Proc. 

Roy.  Soc.  London,  A28:406-409. 

Strutt.  J.W.  (Lord  Rayleigh)  (1881)  Phil.  Mag.  12:81.  (Historic  reference,  atmospheric 

optics/turbidity).  (Scientific  Papers  I.  Dover  Publications,  Inc..  New  York,  1964.  p,  518) 

Strutt.  J.W.  (Lord  Rayleigh)  (1889)  Sci.  Papers  1.  104.  (Historic  reference,  atmospheric 
optics/ turbidity). 

Strutt,  J.W.  (Lord  Rayleigh)  (1899)  On  the  electromagnetic  theory  of  light,  Sci.  Papers  1, 

518.  (Historic  reference,  atmospheric  optics/turbidity). 

Strutt,  J.W.  (Lord  Rayleigh)  (1899)  On  the  transmission  of  light  through  an  atmosphere 
containing  small  particles  in  suspension,  and  on  the  origin  of  the  blue  of  the  sky.  Phil. 

Mag.  47:375-384.  Also;  (1903)  Sci  Papers  IV.  397. 

Strutt,  J.W.  (Lord  Rayleigh)  (1910)  Nature.  83:48.  (Historic  reference,  atmospheric  optics/ 
turbidity). 

Strutt.  J.W,  (Lord  Rayleigh)  (1912)  Sci.  PapersV,  540.  (Historic  reference,  atmospheric 
optics/turbidity). 

Strutt,  J.W.  (Lord  Rayleigh)  (1918)  On  the  scattering  of  light  by  a  cloud  of  similar  small 
particles  of  ciny  shape  and  oriented  at  random.  Phil.  Mag.  373-381. 

Strutt,  J.W.  (Lord  Rayleigh)  (1920)  Sci.  Papers  VI,  540.  (Historic  reference,  atmospheric 
optics/turbidity). 

Strutt,  R.J.  (1918)  Proc.  Roy.  Soc.  London,  A95;  155. 

Strutt,  R.J.  (Lord  Rayleigh  11)  (1921)  Proc.  Roy.  Soc.  London.  A98.  57. 

Stuart.  H.A.  (1934)  Molekulstruktur,  Springer,  Berlin,  167-183. 

Stuck,  Hudson.  Archbishop  (1914)  Ten  Thousand  Miles  with  a  Dog  Sled.  Charles  Scribner's  Sons. 
New  York. 

Su.  F.  (1990)  An  Interview  with  Michael  E.  Thomas  on  the  Properties  of  Optical  Materials.  OE 
Reports,  No.  82. 

Swingle,  D.M.  (1952)  An  operational  comparison  of  radar  cloud  detection  at  1.25  cm  and  0.86  cm. 
Proc.  Third  Radar  Weather  Conf,  Montreal,  McGill  Univ,,  B21-B28. 

Swingle.  D.M.  (1953)  A  review  of  results  of  operational  tests  of  radar  cloud  detection  equipment. 
Proc.  Corif.  on  Radio  Meteor.,  Austin,  Univ.  of  Texas,  paper  X-4.  2  pp. 

Szymanski,  W.  and  Wagner.  P.E.  (1983)  Aerosol  size  distribution  during  a  condensation  growth 
process.  Measurements  and  comparison  with  theory.  Atmos.  Environ.  17:2271-2276. 

Takahashi,  T.  (1975)  Rain  from  shallow  convective  clouds  -  maritime  and  continental. 

PAGEOPH,  Birkhauser  Verlag.  Basel,  113. 


Takano.  Y.  and  Liou.  K.-N.(1989)  Solar  radiative  transfer  in  cirrus  clouds,  part  1;  single-scattering 
and  optical  properties  of  hexagonal  ice  crystals,  J.  Atmos.  ScL  46:3-19, 

Takano.  Y.  cuid  Liou,  K.-N.  (1989)  Solar  radiative  transfer  in  cirrus  clouds,  part  11:  theory  and 
computation  of  multiple  scattering  in  an  anisotropic  medium.  J.  Atmos.  ScL  46:20-36. 

Takeuchi,  D.M.  (1978)  Characterization  of  raindrop  size  distributions.  Preprints  Conf.  Cloud 
Physics  and  Atmos.  Electricity,  Issaquah,  WA,  Amer.  Meteor.  Soc.  154-161. 

Taniguchi,  T.,  Magona.  C.  and  Endoh,  T.  (1982)  Charge  distribution  In  active  winter  clouds. 

Res.  Lett.  Atmos.  Elec.  2:35-58. 

Tape,  Walter,  (1983)  Some  ice  crystals  that  made  halos,  J.  Opt  Soc.  Amer.  73:1641-1645. 

Tatarski,  V.l.  (1953)  On  the  criterion  for  the  applicability  of  geometrical  optics  in  problems  of 
wave  propagation  in  a  medium  with  weak  refractive  index  inhomogeneities.  Zh.  Eksp.  Teor. 

Fiz.  25:84. 

Tatarski.  V.l.  (1956)  On  amplitude  and  phase  fluctuations  of  a  wave  propagating  in  a  weakly 
inhomogeneous  atmosphere,  Dok.  Akad.  Nauk  SSSR,  107:245. 

Tatarski.  V.l.  (1961)  Wave  Propagation  in  a  Turbulent  Medium,  McGraw-Hill.  New  York  also 
Dover  Publ.,  285  pp. 

Tattlelman,  P.  and  Willis.  P.T.  (1985)  Model  Vertical  Profiles  of  Extreme  Rainfall  Rate.  Liquid 
Water  Content,  and  Drop-Size  Distribution,  AFGL-TR-85-02C)0.  AD  A 164424,  ERP  No.  928, 

34  pp. 

Taylor.  E.G.R.  (1942)  Problems  of  fog  and  air  pollution.  Smokeless  Air.  12:96-100. 

Tazawa,  S.  and  Magono,  C.  (1973)  The  vertical  structure  of  snow  clouds,  as  revealed  by  "snow 
crystal  sondes"  part  I.  J.  Meteor.  Soc.  Japan,  51:168-174. 

Telford,  J.W.  (1975)  Turbulence,  entrainment  and  mixing  in  cloud  dynaimics.  Pure  AppL  Ceophys. 
113:1067-1084. 

Telford.  J.W.  and  Thorndike.  N.S.C.  (1961)  Observations  of  small  drop  collision.  J.  Meteor. 
18:382-387. 

Telford,  J.W.  and  Cottis,  RE.  (1964)  Cloud  droplet  collisions.  J.  Atmos.  ScL  21:549-552. 

Telford,  J.W.  and  Chai.  S.K.  (1980)  A  new  aspect  of  condensation  theory.  Pure  Appl.  Ceophys. 
118:720-742. 

Telford.  J.W.  and  Chai,  S.K.  (1984)  Inversions,  and  fog.  stratus  and  cumulus  formation  in 
warm  air  over  cooler  water.  Bound  Layer  Meteor.  29: 109-137. 

Telford,  J.W..  Thorndike,  N.S.  and  Bowen.  E.G.  (1955)  The  coalescence  between  small  water 
drops.  Quart  J.  Roy.  Meteor.  Soc.  81:241-250. 

Teverovsky,  N.  (1948)  Coagulation  of  aerosol  particles  in  a  turbulent  atmosphere.  Izv.  Akad, 

Nauk,  SSSR,  Ser.  Ceogr.  L  Geofiz.,  No.  1. 

Thom.  H.C.S.  (1948)  A  note  on  the  gamma  distribution.  Statistical  Lab..  Iowa  State  College. 
(Manuscript  of  the  U.S.  Weather  Bureau,  1958). 

Thom.  H.C.S.  (1958)  A  note  on  the  gamma  distribution,  Mon.  Wea.  Rev.  86:1 17-122. 

Thom,  H.C.S.  (1968)  Approximate  convolution  of  the  gamma  and  mixed  gamma  distributions, 

Mon.  Wea.  Rev.  96:883-886. 

Thomsen,  W.J.  (1953)  The  annual  deposit  of  meteoritic  dust.  Sky  and  Telescope,  12: 147-148. 
Thomson.  W.  (Lord  Kelvin)  (1865)  Collected  papers.  Manchester  Phil.  Soc.  3:255. 


182 


Thomthwaite.  C.W.  and  Owen.  J.C.  (1940)  A  dew- point  recorder  for  measuring  atmospheric 
moisture,  Mon  Wea.  Rev..  (Wash).  68:315-318. 

Trabert.  Wilhelm  (1901)  Die  extinction  des  lichtes  in  einem  truben  medium  (Schweite  in  wolken). 
Meteor.  Z.  18:518-525. 

Trankle.  E.  and  Greenler.  R.G.  (1987)  Multiple-scattering  elTects  in  halo  phenomena.  J.  Opt.  Soc. 
Amer.  4:591-599. 

Tolbert,  C.W.,  Gerhardt,  J.R.  and  Britt.  C.O.  (1957)  Backscattering  Cross-Sections  oj  Water 
Droplets.  Rain  and  Foliage  at  4.3  Millimeter  Radio  Wavelengths.  Elec.  Engr.  Res.  Lab..  Texas 
Univ.,  Rep.  No.  91. 

Tonkova,  Z.V.  and  Reshchikova.  A.A.  (1951)  Nablyudenie  nad  mikrostrukturoi  oblakov  na 
tyazhelom  samolete  (Observation  of  cloud  microstructure  from  heavy  aircraft). 

Metodicheskie  Ukazaniya  Tsentral  Aerolog.  Observ..  No.  4. 

Toon,  O.B.  and  Pollack,  J.B.  (1973)  Physical  properties  of  the  stratospheric  aerosols.  J.  Geophys. 
Res.  78:7051-7057. 

Tousey.  R.  and  Hulburt.  E.O.  (1947)  Brightness  and  polarization  of  the  daylight  sky  at  various 
altitudes  above  sea  level.  J.  Opt.  Soc.  Amer.  37:78-92. 

Tricker,  R.A.R.  (1970)  Introduction  to  Meteorological  Optics.  Elsevier.  New  York, 

Tricker,  R.A.R.  (1973)  A  simple  theory  of  certain  helical  and  anthelic  halo  arcs:  the  long 
hexagonal  ice  prism  as  a  kaleidoscope.  Quart.  J.  Roy.  Meteor.  Soc.  99:649-656. 

Tryselius.  O.  (1936)  On  the  turbidity  of  polar  air.  Medd.  Meteor. -hydr.  Anst..  Stockh.  5:10  pp. 

Turco.  R.P.,  Whitten.  R.C.  and  Toon.  O.B.  (1982)  Stratospheric  aerosols,  observations  and  theory. 
Rev.  Geophys.  Space  Res.  20:233-279. 

TWersky,  V.  (1964)  Rayleigh  scattering,  Appl.  Opt.  3:1 150. 

Twomey,  S.  (1964)  Statistical  effects  in  the  evoluf  n  of  a  distribution  of  cloud  droplets  by 
coalescence,  J.  Atmos.  Set  21:553-557. 

Twomey.  S.  (1977)  The  influence  of  pollution  on  the  shortwave  albedo  of  clouds.  J.  Atmos.  Set 
34:1149-1152. 

Twomey,  S.  and  Severynse,  G.T.  (1964)  Size  distribution  of  natural  aerosols  below  .Ip.  J.  Atmos. 
Set  21:558-564. 

Twomey,  S.,  Jacobowitz,  H.  and  Howell,  H.B.  (1966)  Matrix  methods  for  multiple-scattering 
problems.  J.  Atmos.  Set  23:289-296. 

Twomey,  S.,  Jacobowitz,  H.  and  Howell,  H.B.  (1967)  Light  scattering  by  cloud  layers,  J.  Atmos. 

Set  24:70-79. 

Tyler,  J.E.  (1961)  Measurement  of  the  scattering  properties  of  hydrosols,  J.  Opt.  Soc.  Amer. 
51:1289. 

Tyndall,  J.  (1869)  On  the  blue  color  of  the  sky.  the  polarization  of  sky  light,  and  on  the 
polarization  of  light  by  cloudy  matter  in  general,  Proc.  Roy.  Soc.  London.  17:223-233. 

Tyndall,  J.  (1869)  Phil.  Mag.  37:384.  (Historic  reference,  atmospheric  optics). 

Tyndall,  J.  (1870)  On  the  action  of  rays  of  high  refrangibility  upon  gaseous  matter,  Phil.  Trans. 
Roy.  Soc.  London.  160:333.  (Historic  reference,  atmospheric  optics). 

Tyndall,  J.  (1870)  Phil.  Mag.  XXXVII:385.  Phil.  Trans.  (Historic  reference,  atmospheric  optics). 

Ulbrich.  C.W.  (1983)  Natural  variations  in  the  analytical  form  of  the  raindrop  size  distribution, 
J.  AppL  Meteor.  22:1764-1775. 


183 


Ulbrich,  C.W.  (1985)  The  effects  of  drop  size  distribution  truncation  on  rainfall  integral 
parameters  and  empirical  relations,  J.  Climate  Appl.  Meteor.  24:580-590. 

Uman.  M.A.  (1969)  Lightning,  McGraw-Hill.  New  York,  48-59.  See  also  Dover.  New  York.  1984. 

Uman.  M.A.  (1974)  The  earth  and  its  atmosphere  as  a  leaky  spherical  capacitor.  Amer.  J.  Phys. 
42:1033-1035. 

Uman,  M.A.  (1987)  The  lightning  discharge.  (Edited  by  W.Donn)  Academic  Press,  Ind.  Geophys. 
Series,  39. 

Uthe,  E.E..  Nielsen,  N.B.  and  Jimison,  W.L.  (1980)  Airborne  lidar  plume  and  haze  analyzer 
(ALPHA- 1),  Bull.  Amer.  Meteor.  Soc.  61:1035-1043. 

Uthe,  E.E.,  Morley,  B.M.  emd  Nielson,  N.B.  (1982)  Airborne  lidar  measurements  of  smoke  plume 
distribution,  vertical  transmission  and  particle  size,  Appl.  Opt.  21:460-463. 

Uthe,  E.E.,  Viezee,  W.,  Morley,  B.M.  and  Ching.  J.K.S.  (1985)  Airborne  lidar  tracking  of  fluorescent 
tracers  for  atmospheric  transport  and  diffusion  studies.  Bull.  Amer.  Meteor.  Soc.  66:1255- 
1262. 

Uttal,  T..  Rauber.  R.M.  and  Gramt.  L.O.  (1988)  Distributions  of  liquid,  vapor  and  ice  in  an 
orographic  cloud  from  field  observations.  J.  Atmos.  Sci.  45:1  1  10-1  122. 

Valdez,  M.P.  and  Young.  K.C.  (1985)  Number  fluxes  in  equilibrium  raindrop  populations:  a 
Maikov  chain  analysis,  J.  Atmos.  Sci.  42: 1024-1036. 

van  Blerkom,  D.J.  (1971)  Diffuse  reflection  from  clouds  with  horizontal  inhomogeneities. 
Astrophys.  J.  166:235-242. 

van  de  Hulst,  H.C.  (1947)  A  theory  of  the  anti-coronae.  J.  Opt.  Soc.  Amer.  37: 16-22. 

van  de  Hulst,  H.C.  (1957)  Light  Scattering  by  Small  Particles,  John  Wiley  and  Sons,  Inc.,  New 

York. 

vem  de  Hulst.  H.C.  (1964)  Diffuse  reflection  and  transmission  by  a  very  thick  plane-parallel 
atmosphere  with  isotropic  scattering.  Icarus.  3:336-34 1 . 

van  de  Hulst,  H.C.  (1968)  Asymptotic  fitting,  a  method  for  solving  anisotropic  transfer 
problems  in  thick  layers.  J.  Comp.  Phys.  3:291-306. 

van  de  Hulst,  H.C.  (1980)  Multiple  Light  Scattering,  Academic  Press,  739  pp. 

van  de  Hulst,  H.C.  (1980)  Multiple  Light  Scattering  Tables,  Formulas  and  Applications,  1  and  2. 

Academic  Press.  New  York. 

vEui  Vleck,  J.H.  (1945)  Sec.  8-1  condensed  from  RL  Rep.  No.  735. 

van  Vleck,  J.H.  and  Huber,  D.L.  (1977)  Absorption,  emission  and  linebreadths:  a  semi-historical 
perspective.  Rev.  Mod.  Phys.  49:939. 

van  Vleck,  J.H.,  Purcell,  E.M.  and  Goldstein.  H.  (1951)  Atmospheric  attenuation  and  the  relation 
between  absorption  and  dispersion.  Propagation  of  Short  Radio  Wanes,  McGraw-Hill,  New 
York,  641. 

Varley,  D.J.  (1978)  Cirrus  Particle  Distribution  S>udy,  Part  1.  Air  Force  Surveys  in  Geophysics. 

No.  394,  AFGL-TR-78-0192,  AD  A061485,  71  pp. 

Varley.  D.J.  (1978)  Cirrus  Particle  Distribution  Study,  Part  3.  Air  Force  Surveys  in  Geophysics. 

No.  404,  AFGL-TR-78-0305,  AD  066975,  67  pp. 

Varley.  D.J.  and  Brooks.  D.M.  (1978)  Cirrus  Particle  Distribution  Study,  Part  2.  Air  Force  Surveys 
in  Geophysics.  No.  41 1.  AFGL-TR-78-0248.  AD  A063807.  108  pp. 

Varley.  D.J.  and  Barnes.  A. A.  (1979)  Cirrus  Particle  Distribution  Study,  Part  4,  Air  Force  Surveys 
in  Geophysics,  No.  413.  AFGL-TR-79-0134.  AD  074763,  91  pp. 


184 


Varley,  D.J..  Cohen,  l.D.  and  Bames.  A. A.  (1980)  Cirrus  Particle  Dislribuiion  Study,  Part  7.  Air 
Force  Surveys  in  Geophysics,  No.  433,  AFGL-TR-80-0324.  AD  A1C)0269  82  pp. 

Vasyutin,  V.V.  emd  Tishchenko,  A.A.  (1989)  Space  coloristics.  Set  Amer.  84-90.  (July  issue). 

Verlarde,  M.G.  and  Normand,  C.  (1980)  Convection,  ScL  Amer.  92-108.  (July  issue). 

Viezee,  W.  and  Obleuias,  J.  (1969)  Lidar  observed  haze  layers  associated  with  thermal  structure  in 
the  lower  atmosphere,  J.  Atmos.  ScL  8:369-375. 

Volz,  F.  (1954)  Die  optik  und  meteorologie  der  atmosphaerischen  truebung,  Ber.  Deut.  Wetterdienst, 
No.  13,  pt.  2,  47  pp. 

Volz,  F.E.  (1960)  Some  aspects  of  the  optics  of  the  rainbow  and  the  physics  of  rain,  Proc.  Cloud 
Phys.  Con/.,  Woods  Hole,  Mass,  Amer.  Geophys.  Union,  Geophys.  Mono.  No.  5,  280-286. 

Volz,  F.E.  (1960)  Some  aspects  of  the  optics  of  the  rainbow  and  the  physics  of  rain.  Physics  of 
Precipitation,  Geophys.  Mono.,  No.  5.  Amer.  Geophys.  Union,  280-286. 

Volz,  F.E.  (1972)  Infrared  absorption  by  atmospheric  aerosol  substamce,  J.  Geophys.  Res. 
77:1017-1031. 

Vonnegut,  B.  (1949)  A  capillary  collector  for  measuring  the  deposition  of  water  drops  on  a 
surface  moving  through  clouds.  Reu.  ScL  Instr.  20: 1 10-1 14. 

Vonnegut,  B.  and  Moore,  C.B.  (1960)  A  possible  effect  of  lightning  discharge  on  precipitation 
formation  process,  Proc.  Cloud  Phys.  Con/.,  Woods  Hole,  Mass.,  Amer.  Geophys.  Union. 

Geophys.  Mono.  No.  5.  287-290. 

Vouk,  V.  (1948)  Projected  area  of  convex  bodies.  Nature,  162:330-331. 

Wagner,  A.  (1908)  Untersuchungen  der  wolkenelemente  auf  dem  hohen  sonnblick  (3106m). 

Sitzber.  AkaxL  Wissensch.  Wein,  Math.  Naturwiss,  Klasse.  117:1281-1293. 

Wagner,  A.  (1909)  Untersuchungen  der  wolkenelemente  auf  dem  hohen  sonnblick.  Meteor.  Z. 
26:371. 

Wagner,  P.B.  and  Telford,  J.V.  (1981)  Charge  dynamics  and  an  electric  charge  separation 
mechanism  in  convective  clouds,  J.  Rech.  Atmos.  15:97-120. 

Walt,  G.R.  Conductivity  of  the  air  resulting  from  radioactive  matter  in  thunderstorms, 

Amer.  Geophys.  Union,  Washington,  D.C. 

Weiit,  G.R  8md  Parkinson,  W.D.  (1951)  Ions  in  the  atmosphere,  Compendium  of  Meteorology, 

Amer.  Meteor.  Soc.,  Boston.  120-127. 

Wait.  J.R.  (1958)  TVansmission  Loss  Curves  for  Propagation  at  Very  Low  Radio  Frequencies, 

Boulder  Lab..  Natl.  Bureau  of  Stds.,  NBS  Rep.  5557. 

Waldram,  J.M.  (1945)  Measurement  of  the  photometric  properties  of  the  upper  atmosphere. 

Quart.  J.  Roy.  Meteor.  Soc.  71:319-336. 

Waldvogel.  A.  (1974)  The  Nq  jump  of  raindrop  spectra,  J.  Atmos.  ScL  31:1067-1078. 

Waldvogel,  A.,  Schmid,  W.  and  Federer,  B.  (1978)  The  kinetic  energy  of  hailfalls,  part  1:  hailstone 
spectra,  J.  AppL  Meteor.  17:515-520. 

Walker,  G.T.  (1931)  Recent  work  by  S.  Mai  on  the  forms  of  stratified  clouds.  Quart.  J.  Roy.  Meteor. 
Soc.  57:413-421. 

Walker,  Sir  Gilbert  T.  (1932)  The  forms  of  stratified  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  58:23-30. 

Wallace.  P.R.  (1953)  Interpretation  of  the  fluctuating  echo  from  randomly  distributed  scatters: 
part  2,  Cart  J.  Phys.  31:995-1009. 

Walter,  H.  (1973)  Coagulation  and  size  distribution  of  condensation  aerosols.  Aerosol  ScL  4:1-15. 


Wang,  J.Y.C.  (1968)  On  the  Formation  and  Development  of  Orographic  Shallow  Cumulus  Cloud, 

Set.  Rep.  No.  1 1.  Univ.  of  Chicago,  Dep.  of  Geophys.  Sci. 

Wang,  L.  (1972)  Anisotropic  nonconservative  scattering  in  a  semi-infinite  medium,  Astrophys. 

J.  174:671-678. 

Warner,  J.  (1955)  The  water  content  of  cumuliform  cloud,  Tellus.  7:449-457. 

Warner,  J.  (1969)  The  microstructure  of  cumulus  cloud,  part  1:  general  features  of  the  droplet 
spectrum.  J.  Atmos.  Set  26: 1049-1059. 

Warner,  J.  (1969)  The  microstructure  of  cumulus  cloud,  part  11:  the  elTect  on  droplet  size 
distribution  of  the  cloud  nucleus  spectrum  and  updraft  velocity.  J.  Atmos.  ScL  26: 1272- 
1282. 

WeuTier,  J.  (1970)  The  microstructure  of  cumulus  cloud,  part  111:  the  nature  of  the  updraft.  J. 
Atmos.  ScL  27:682-688. 

Warner,  J.  (1973)  The  microstructure  of  cumulus  cloud,  part  IV:  the  effect  on  the  droplet  spectrum 
of  mixing  between  cloud  and  environment.  J.  Atmos.  ScL  30:256-261. 

Warner,  J.  and  Newnham,  T.D.  (1952)  A  new  method  of  measurement  of  cloud-water  content. 
Quart.  J.  Roy.  Meteor.  Soc.  78:46-52. 

Warner,  J.  and  Squires.  P.  (1958)  Liquid  water  content  and  the  adiabatic  model  of  cumulus 
development.  Tellus.  10:390-394. 

Warren,  S.G.  (1984)  Optical  constants  of  ice  from  the  ultraviolet  to  the  microwave,  Appl.  Opt. 
23:1206-1225. 

Wasser.  E.  (1933)  Das  widerstandsgesetz  kleiner  kugeln  in  reibenden  medien,  Physikalische  Z. 
34:257-268. 

Watson.  G.N.  (1918-1919)  The  diffraction  of  electric  waves  by  the  earth.  Proc.  Roy.  Soc.  Londori 
95:83-99,  546-563. 

Weast,  R.C.  and  Astle,  M.J.,  eds  (1982)  Handbook  of  Chemistry  and  Physics,  CRC  Press,  Inc., 

Boca  Raton,  Florida.  A-63,  E  202. 

Webb,  W.L.  (1956)  Particulate  counts  in  natural  clouds  and  fogs.  J.  Meteor.  13:203-206. 

Weber,  L.  (1901)  Handbuch  cL  hygiene.  Bd.  IV  W.  Schramm.  Diss.  Kiel. 

Weber,  L.  (1916)  Die  albedo  des  luft  planktons.  Ann.  der  Physik.  51:427-449. 

Wegener,  A.  (1925)  Theorie  der  haupthalos.  Arch,  der  Deutschen  Seewarle,  XLIII:  1-32. 

Wegener,  A.  and  Wegener,  K.  (1935)  Physik  der  atmosphdre,  Barth.  Leipzig. 

Weickmann,  H.K.  (1957)  Physics  of  precipitation.  Meteor.  Monogr.  3:(No.  19)  226-255. 

Weickmann,  H.  Ed.  (1960)  Physics  of  precipitation.  Proc.  Cloud  Phys.  Con/..  Woods  Hr  le, 

Mass.,  Amer.  Geophys.  Union.  Geophys.  Mono.  No.  5.  435  pp. 

Weickmemn,  H.  (1982)  New  insights  into  the  microphysics  of  precipitation.  J.  Rech  Atmos. 
19:1-14. 

Weinman,  J.A.  (1968)  Axially  symmetric  transfer  of  light  through  a  cloud  of  anisotropically 
scattering  particles.  Icarus.  9:67-73. 

Weinstein.  J.  (1949)  Three-dimensional  "Bright  Line"  representation,  J.  Meteor.  6:289. 

Weiss,  R.R..  Locatelli,  J.D.  and  Hobbs.  P.V.  (1979)  Simultaneous  observations  of  cloud  and 
precipitation  particles  with  vertically  pointing  X-Band  and  Ka-Band  radars,  IEEE  Trans. 
JeoscL  Elect  GE- 17: 1 5 1 . 


186 


Welander,  P.  (1959)  A  theoretical  power  law  for  the  distribution  of  small  particles  or  drops  falling 
through  the  atmosphere,  Tellus.  11:197-201. 

Werblin,  F.S.  (1973)  The  control  of  sensitivity  in  the  retina.  Set  Amer.  70-79.  (January  issue). 

Wexler,  H.  (1933)  A  comparison  of  the  Linke  and  Angstrbm  measures  of  atmospheric  turbidity 
and  their  application  to  North  American  air  masses.  Trans.  Amer.  Geophys.  Union.  14th 
Annual  Meeting,  91-99. 

Wexler.  R.  (1947)  Cellular  structure  of  intermittent  rain.  Convection  Patterns  in  the  Atmosphere 
and  Ocean,  R.B.  Montgomery  et  al.,  Eds..  Acad,  of  Sci..  Issued  in  Ann.  of  the  New  York 
Acad,  of  Sciences,  706-844. 

Wexler.  R.  (1952)  Theory  of  the  radar  upper  band.  Quart.  J.  Roy.  Meteor.  Soc.  78:372-376. 

Wexler,  R.  (1955)  The  melting  layer.  Meteorological  Radar  Studies  No.  3.  Blue  Hill  Meteor. 
Observatory,  Milton.  Mass. 

Wexler,  R.  (1955)  Precipitation  growth  in  stratiform  clouds.  Quart.  J.  Roy.  Meteor.  Soc.  72:363- 
371. 

Wexler.  R.  (1955)  The  melting  layer,  Proc.  1st  Corif.  Phys.  of  Cloud  and  Precip.  Particles,  Woods 
Hole  Ocean.  Inst.,  Woods  Hole,  Mass.,  306-314. 

Wexler,  R.  (1960)  Efficiency  of  natural  rain,  Proc.  Cloud  Phys.  Conf.,  Woods  Hole.  Mass.,  Amer. 
Geophys.  Union.  Geophys.  Mono.  No.  5.  158-163. 

Whipple,  F.J.W.  (1936)  Rainbow  with  vertical  shaft.  Meteor.  Mag.  71:259-260. 

Whitby,  K.T.  (1973)  On  the  multimodal  nature  of  atmospehric  aerosol  size  distribution.  VII  Inti 
Conf.  on  Nucleation,  Leningrad,  USSR. 

Whitby,  K.T.,  Hugar,  R.B.  and  Liu.  B.Y.  (1972)  The  aerosol  size  distribution  of  Los  Angeles  smog, 

J.  Colloid  and  Interface  ScL  30: 177-204. 

White.  W.H.  (1983)  On  the  form  of  stationary  size  distributions  established  by  coagulation  and 
sedimentation.  J.  Atmos.  Set  40:1855-1858. 

Whytlaw-Gray,  R.  and  Patterson,  H.S.  (1932)  Smoke:  a  Study  of  Aerial  Disperse  Systems,  E. 

Arnold  &  Co.,  London,  57-72. 

Wiener,  von  Chr.  (1909)  Den  ersten  hlnweis  auf  die  "Knickmethode  "  verdanke  ich  jedoch  herm 
Prof.  Madelung.  1.  c.  XCl,  Nr.  2.  Halle. 

Wiesner,  J.  (1895)  Beitrage  zur  kenntniss  des  tropischen  regens,  Sitzungsberichte  Akademie  d. 
Wissenschqften,  Vienna,  Math  Naturw.  Klasse.  104:1397-1434. 

Wigand.  A.  (1919)  Ein  methode  zur  messung  der  sicht,  Phys.  Z.  20:151-160. 

Wigand,  A.  (1926)  Ladungsmessungen  an  natOrlichen  nebel.  Phys.  Z.  27:803-808. 

Wilkening,  M.H.  (1956)  Veiriation  of  natural  radioactivity  in  the  atmosphere  with  altitude,  Trans 
Amer.  Geophys.  Union,  37:(No.  2)  Tech.  Rep.  No.9-NR. 

Willett.  H.C.  (1928)  Fog  and  haze.  Mon.  Wea.  Rev.  (Wash.)  56:435-467. 

Willett,  H.C.  (1950)  Meteorology  as  a  factor  in  air  pollution,  Industr.  Med.  Surg.  19:1 16-120. 

Williams,  E.R.  (1988)  The  electrification  of  thunderstroms.  Scientific  Amer.  259:88-99. 

Willis,  P.T.  (1984)  Functional  fits  to  some  observed  drop  size  distributions  and  parameterization 
of  rain,  J.  Atmos.  ScL  41:1648-1661. 

Wilson.  R.  (1951)  The  blue  sun  of  1950  September,  Mon,  Not.  Roy.  Astron.  Soc.  111:478-489. 

Winkler,  P.  (1973)  The  growth  of  atmospheric  aerosol  particles  as  a  function  of  the  relative 
humidity.  Part  11:  an  improved  concept  of  mixed  nuclei.  Aerosol  ScL  4:373-387. 


187 


r 


Winkler.  P.  and  Junge,  C.  (1972)  The  growth  of  atmospheric  aerosol  particles  as  a  function  of 
relative  humidity.  Part  I:  method  and  measurements  at  different  locations.  J.  Rech.  Atmos. 
(Memorial  Henri  Dessens).  617-638. 

Wiscombe.  W.J.  (1983)  Atmospheric  radiation;  1975-1983.  Reo.  Geophys.  21:957. 

Woodcock.  A.H.  (1952)  Atmospheric  salt  particles  and  raindrops.  J.  Meteor.  9:200-212. 

Woodcock.  A.H.  (1953)  Salt  nuclei  in  marine  air  as  a  function  of  altitude  and  wind  force.  J. 
Meteor.  10:362-371. 

Woodcock.  A.H.  (1984)  Winds,  upwelling  and  fog  at  Cape  Cod  Canal.  Massachusetts.  J.  Climate 
AppL  Meteor.  23:61 1-616. 

Woodcock.  A.H.  zmd  Gifford.  M.M.  (1948)  Sampling  atmospheric  sea-salt  nuclei  over  the  ocean. 
Woods  Hole  Oceem.  Inst.  Contrib.  No.  458.  177-197. 

Woods.  J.D.  emd  Mason.  B.J.  (1964)  Experimental  determination  of  collection  efficiencies  for 
small  water  droplets  in  air.  Quart.  J.  Roy.  Meteor.  Soc.  90:373. 

Workman.  E.I.  and  Reynolds.  S.E.  (1950)  Electrical  phenomena  occurring  during  the  freezing  of 
dilute  aqueous  solutions  and  their  nossible  relationship  to  thunderstorm  electricity.  Phys. 
Rev.  78:No.  3. 

World  Meteorological  Organization  (1956)  International  Cloud  Atlas,  Geneva.  Switzerland. 

1: 155  pp 

Wright.  H.L.  (1934)  The  association  between  relative  humidity  and  the  ratio  of  the  number  of 
large  ions  to  the  total  number  of  nuclei.  Terr.  Mag.  Atmos.  Elect.  39:277-280. 

Wright.  H.L.  (1939)  Atmospheric  opacity:  a  study  of  visibility  observations  in  the  British 
Isles.  Quart.  J.  Roy.  Meteor.  Soc.  65:41 1-439. 

Wright.  H.L.  (1940)  Sea  salt  nuclei.  Quart.  J.  Roy.  Meteor.  Soc.  66:3-12. 

Wright.  H.L.  (1940)  Atmospheric  opacity  at  Valentia.  Quart.  J.  Roy.  Meteor.  Soc.  66:66-67. 

Yagt.  T.  (1970)  Measurement  of  the  fall  velocity  of  ice  crystals  drifting  in  supercooled  fog,  J. 
Meteor.  Soc.  Japan.  48:287-292. 

Yamamoto,  G.  and  Tanaka.  M.  (1972)  Increase  of  global  albedo  due  to  air  pollution,  J.  Atmos. 

ScL  29:1405-1412. 

Young.  A.T.  (1974)  Atn.ospheric  extinction.  Methods  of  Experimental  Physics.  12A:.  Astrophysics. 
(N.P.  Carleton,  Ed.).  Academic  Press,  123-180. 

Young,  A.T.  (1980)  Revised  depoleuization  corrections  for  atmospheric  extinction,  Appl.  Opt. 
19:3427-3428. 

Young,  A.T.  (1981)  On  the  Rayleigh-scattering  optical  depth  of  the  atmosphere.  J.  Appl.  Meteor. 
20:328-330. 

Young,  A.T.  (1982)  Rayleigh  scattering:  questions  of  terminology  are  resolved  during  a  historical 
excursion  through  the  physics  of  light-scattering  by  gas  molecules,  Phys.  Today.  2-8. 

Young.  K.C.  (1975)  The  evolution  of  drop  spectra  due  to  condensation,  coalescence  and  breakup, 

J.  Atmos.  ScL  32:965-973. 

Young.  T.  (1802)  Phil  Trans.  Roy.  Soc.  London.  92:387-397.  (Historic  reference,  atmospheric 
optics). 

Young.  T.  (1804)  Experiments  and  calculations  relative  to  physical  optics,  Phil.  Trans.  Roy. 

Soc.  London  1-16.  (This  is  the  publication  of  the  Bakerian  Lecture  of  1803). 


188 


Zabrodskii.  G.l.  (1957)  Izmerenie  i  nekotorye  rezul'taty  issledovaniya  vidimosti  v  oblakakh 
(Measurement  of  and  some  experimental  results  on  visibility  in  clouds).  In:  Issledovaniya 
oblakov,  osadkou  i  grozovogo  elektrichestva.  Leningrad.  Gidrometeoizdat. 

Zaitsev,  V.A.  (1948)  Razmery  i  raspredelenie  kapel'  v  kuchevykh  oblakakh  (Size  and 

distribution  of  droplets  in  cumulus  clouds).  Trudy  Giavnaia  Geojizicheskaia  Observaloriia, 

No.  13. 

Zaitsev,  V.A.  (1950)  Vodnosf  i  raspredelenie  kapel'  v  kuchevykh  oblakakh  (Water  content  and 
distribution  of  droplets  in  cumulus  clouds).  Trudy  Giavnaia  Geojtzicheskaia  Observaloriia. 
19:122-132. 

Zaitsev,  V.A.  and  Ledokhovich.  A. A.  (1960)  Pribory  i  metodika  issledovaniya  oblakov  s  samoleta 
(Instruments  and  procedures  in  the  investigation  of  clouds  from  aircraft.  Leningrad. 
GldrometeoizdSt. 

Zcuiotelli,  G.  (1940)  Assorbimento  elementare  della  luce  nel  passagio  attraverso  alle  nubi.  Atti 
Accad.  ItaL,  Rend.  Cl.  Set  Jis.  mat.  nat  2:42-50. 

Zettwuch,  G.  (1902)  Researches  on  the  blue  colour  of  the  sky.  PhiL  Mag.  IV:  199.  (Historic  reference, 
atmospheric  optics). 

Zhamovskii.  A.M.  (1953)  K  voprosu  o  mikrostrukture  tumanov  (The  problem  of  the 
microstructure  of  fo^.  Trudy  OGMl.  No.  5. 

Zhevankln,  S.A.  and  Troitskii.  V.S.  (1959)  Absorption  of  centimetre  waves  in  the  atmosphere. 
Radioteknika  i  Elektronika.  4:21-27. 

Zhuang,  Yln-Mo  and  Xu.  Yu-Mao  (1984)  Radar  Meteorology.  National  Defense  Industry  Press. 

338  pp. 

Zikmunda,  J.  (1972)  Fall  velocity  of  spatial  crystals  and  dendrites.  J.  Atmos.  Set  29:151 1-1515. 

Zlkmunda,  J.  and  Vail.  G.  (1972)  Fall  patterns  and  fall  velocities  of  rimed  ice  crystals.  J.  Atmos. 
Set  29:1334-1347. 

Zmic.  D.S..  Doviak.  R.J.  and  Mahapatra,  P.R.  (1984)  The  effect  of  charge  and  electric  field  on  the 
shape  of  raindrops.  Radio  Set  19:75-80. 


189 


INFORMATION 


Errata  for  Report  PL-TR-9 1-2293  entitled 

"IMPLICATIONS  OF  THE  KHRGIAN-MAZIN  DISTRIBUTION 
FUNCTION  FOR  WATER  CLOUDS  AND  DISTRIBUTION  CONSISTENCIES 

WITH  AEROSOLS  AND  RAIN" 


Due  to  the  constraints  of  a  terminating  fiscal  year  with  a  potential  loss  of 
publication  funds,  a  final  proofreading  of  this  report  became  impossible.  Thus,  the  author 
agreed  to  having  the  report  printed  in  the  form  existent  on  15  September  1993  provided  he 
would  be  permitted  to  write  an  errata  and  have  it  mailed  post  facto  to  the  1500,  or  so, 
institutions  and  persons  on  the  distribution  list.  Such  was  agreed  and  the  listing  of  residual 
report  errors  is  presented  herein. 

Concerning  errors  in  the  figures,  the  units  of  the  ordinate  scale  of  Fig  7  should  read 
M  (gm*^)  ,  not  M,  (gm*^)  .  The  ordinate  scale  of  Fig  17  should  be  gm*^  ,  not  gm^  ;  the 
abscissa  scale  should  read  size,  s  (m)  not  size  s,  (m)  ,  The  second  isoline  from  the  bottom 
in  the  upper  right  diagram  of  the  Fig  17  nomogram,  which  is  presently  unlabeled,  should  be 
labeled  5  .  The  abscissa  scale  of  Fig  18  should  be  object  size,  s  not  object  size  s. 

References,  in  the  Table  of  Contents,  to  pps  103, 107, 108  and  114  should  be  to, 
instead,  pps  98, 102, 103  and  109,  respectively.  Also,  on  pp  iv,  title  of  Appendix  B,  line  2, 
VISIBILE  should  be  VISIBLE. 

With  regard  to  equations,  the  existing  d’jq  in  Eqn  7  should  read  D'jq  and  the  m  of 
Eqn  57,  requires  replacement  with  M  . 

In  the  identification  of  references  in  the  footnotes  of  the  text.  Ref  31,  on  page  22, 
should  read  51: 427-449  ,  not  15: 427-449.  Also,  Ref  37,  which  should  appear  at  the 
bottom  of  pp  103,  is  missing.  However,  it  is  included  in  the  List  of  References. 
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Other  errors  in  the  text  are  as  noted  below: 


Section 

Page 

Paragraph 

yne(s) 

Should  Read 

4 

11 
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7-8 

under  the  curves  to 
the  total  areas  under  the 

curves 

4 

11 

7 

6 

ratio  of  white  to 
total  areas  shown  visually 

9.2 

39 

3 

i. 

demonstrated 

9.3 

48 

1 

6 

serendipitous 

10.3 

77 

4 

9 

Missile 

13 

85 
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10 

Air  Force 

A4 

107 
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6 

Joss,  Thames,  Waldvogel 

Corrections  to  the  Bibliography  are:  pp  161, 12ih.  Reference,  Levin,  L.M.— should 
read— functions  of  cloud  droplets.  Pp  168,  lOlb  Reference,  Nyberg,  A.— should 
read-^eddelander  Communications.  Pp  171, 14lil  Reference,  Plank,  V.G.— should 
be— AFCRL/SAMS.  Pp  172, 12^^1  Reference,  line  1,  Poljackova,  E.A.— should 
be — Glavnaya.  Pp  172, 12lil  Reference,  line  2,  Poljackova,  E.A.— should  be— Observatoria. 
Pp  177, 20lil  Reference,  line  2,  Selby,  J.E.A.— should  be— Supplement  Code. 


